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Abstract 
 
This study comprises newly collected organic geochemical and petrological data on quality, 
quantity, maturity as well as the depositional environment of various organic matter-rich 
stratigraphic units in Morocco and the Central Congo Basin, DRC. In order to gain 
information about type, and maturity of the organic matter (OM) geochemical techniques 
were carried out on a total of 518 samples. Corg measurements, elemental analysis (carbon, 
sulphur, Fe, V, and Ni), vitrinite reflectance measurements, Rock-Eval pyrolysis, bulk kinetic 
measurements, and GC/GC-MS were used to determine the maturity, quality and quantity of 
the organic matter as well as to define the environment of source rock deposition. In addition, 
1D modeling was carried out for one locality in northern Morocco (Aït Moussa) and for two 
wells from the Central Congo Basin to obtain information on burial thermal and maturation 
history. For the Aït Moussa model, specific bulk kinetic parameters were used to evaluate the 
petroleum generation and timing. 
Paleozoic, Mesozoic and Cenozoic sediments were investigated from the Tarfaya Basin, 
southern part of Morocco/Western Sahara. Based on Corg measurements, samples with Corg 
>0.4 %, especially Late Cretaceous and Eocene sediments, but not the Paleozoic units, were 
considered for further geochemical and petrological analysis. Rock-Eval pyrolysis and 
biomarker assignment indicate a mixture of kerogen type I/II with an excellent petroleum 
generation potential of the Late Cretaceous and Eocene samples. More detailed analysis of 
Coniacian, and Late Turonian samples from a newly drilled well (Tarfaya Sondage No.2) in 
the Tarfaya Basin support the latter data. In contrast to the terrestrial influenced Santonian 
outcrop samples Coniacian and Santonian samples of Tarfaya Sondage No.2 revealed 
marine organic matter with a higher Corg content and a better quality of the organic matter, 
represented by alginite. Vitrinite reflectance measurements and various sterane and hopane 
ratios (e.g. Ts/(Ts+Tm), as well as Tmax values of Rock-Eval pyrolysis indicate an early 
mature to immature range of the organic matter. Sulphur contents and Corg/TS support the 
theory of mainly oxygen-depleted waters, but it is still ambiguous whether the bottom waters 
were permanently anoxic or rather oxygen-deficient. Although these investigated source 
rocks of Late Cretaceous and Eocene age are excellent with respect to organic richness, 
kerogen quality and thickness, their low maturity poses a major problem for petroleum 
exploration. However, these units represent excellent unconventional petroleum ressources 
(i.e., oil shale). 
In contrast to the immature sequences of the Tarfaya Basin, the marls and limestones 
(Pliensbachian to earliest Toarcian) exposed at At Moussa in Boulemane Province are the 
only known example of an effective petroleum source rock in the Middle Atlas of Morocco. 
Results indicate the presence of Type I/II kerogen deposited under marine conditions with an 
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input of predominantly algal-derived organic matter. The presence of woody particles further 
indicates minor terrestrial input. Organic-geochemical and biomarker analyses are consistent 
with the reconstruction of carbonate-rich sediments deposited under oxygen-depleted 
conditions. In terms of thermal maturity, the sediments have reached the oil window but not 
peak oil generation. Petroleum generation and migration is, however, indicated by organic 
geochemical and microscopic evidence, and supported by the 1D model. The calculated 
burial model reveals a maximum burial depth of 2.5 to 2.8 km for the Pliensbachian source 
rock interval. Using specific bulk kinetic parameters, the petroleum generation has occurred 
in two phases: Late Jurassic and Late Eocene. 
In contrast to carbonate- dominated, marine systems in Morocco, the sediments of the 
Central Congo Basin represent a more siliciclastics, terrestrial dominated system. The high 
Corg contents of the Loia and Stanleyville Groups (Late Jurassic to Early Cretaceous) are 
associated with high bioproductivity of aquatic OM (algal/phytoplankton) and its preservation. 
Based on biomarker analysis/n-alkane distribution a lacustrine, anoxic depositional 
environment can be assumed for these units. Kerogen type I is present and is the dominant 
microscopic constituent. Lower Paleozoic and Neoproterozoic sediments and some of the 
Stanleyville Group samples show hydrogen poor OM and algal derived material. All of the 
Mesozoic and Paleozoic source rocks are at early maturity, partly within the oil window 
(Stanleyville and Loia Groups), which is indicated by Tmax and vitrinite reflectance values. 
Finally, vitrinite reflectance data were used to calibrate 1D models for wells Dekese and 
Samba, which give an overview about burial-, thermal-, and maturity history of the area. 
Modeling revealed deepest burial during the Late Cretaceous (around 80 Ma, 
Santonian/Campanian transition) for both wells. For the Dekese and Samba well, an erosion 
of respectively 1000 m and 900 m was assumed, leading to the present maturity ranges. 
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Zusammenfassung 
 
Die vorliegende Studie enthält eine Vielzahl neu gewonnener, organisch-geochemischer und 
-petrologischer Daten, die eine Auswertung der Qualität, Quantität, Reife und des 
Ablagerungsmilieus der an organischem Material (OM)- reichen Sedimente Marokkos und 
des Zentralen Kongobeckens ermöglichen. Insgesamt wurden 518 Proben mit Hilfe 
verschiedener geochemischer Analysenmethoden untersucht. Messungen des organischen 
Kohlenstoffgehalts (Corg), Elementaranalysen (Kohlenstoff, Schwefel, Fe, V und Ni), 
Vitrinitreflexionsmessungen, Rock-Eval Pyrolyse und kinetische Messungen des 
Gesamtgehalts organischer Substanzen sowie gaschromatographisch-
massenspekrosmetrische Messungen (GC/GC-MS) ermöglichen Aussagen über Qualität, 
Quantität, Reife und Ablagerungsbedingungen der Sedimente. Aufbauend auf diesen 
Ergebnissen wurden Absenkungs-, Temperatur- und Reifungsgeschichte in einem 1D Modell 
für einen Arbeitsbereich in Marokko (Aït Moussa) sowie für zwei Bohrungslokalitäten im 
Zentralen Kongobecken erstellt. Die Einbindung spezifischer kinetischer Daten in das 1D 
Model für Aït Moussa erlaubten eine genaue zeitlichen Rekonstruktion der Genese und 
Migration von Kohlenwasserstoffen. 
Es wurden Sedimente des Paläozoikums, des Mesozoikums und des Känozoikums aus dem 
Tarfaya Becken im südlichen Marokko/West Sahara analysiert und, basierend auf ihrem Corg 
Gehalt (> 0.4 %), selektiv für weitere geochemische und petrologische Analysen ausgewählt. 
Besonderer Fokus lag dabei auf den Sedimenten der späten Kreidezeit und des Eozäns, 
wohingegen paläozoische Sedimente nicht berücksichtigt wurden. Daten der Rock-Eval 
Pyrolyse und die Auswertung spezifischer Biomarker zeigten eine Mischung der Kerogen-
Typen I und II für die Sedimente der späten Kreidezeit und des Eozäns, und damit ein 
exzellentes Erdölbildungspotential. Analysen der Proben aus der Bohrung Tarfaya Sondage 
No.2 zeigten ähnliche Ergebnisse für die Einheiten des Coniac und des späten Turon. Im 
Gegensatz zu den terrestrisch beeinflussten santonischen Aufschlussproben ergaben 
Untersuchungen der coniacischen und santonischen Proben der Tarfaya Sondage No.2 eine 
Dominanz marinen organischen Materials mit einem hohen Corg Gehalt und einem 
vermehrten Auftreten von Alginit. Vitrinitreflexionsmessungen, verschiedene Steran/ Hopan-
Verhältnisse (z.B. Ts / (Ts + Tm) sowie aus der Rock-Eval Pyrolyse generierte Tmax-Werte 
weisen auf ein frühreifes bis unreifes organisches Material hin. Der Gehalt an Schwefel und 
Corg/ TS-Verhältnisse unterstützten die These der Ablagerung des organischen Materials 
unter sauerstoffarmen Bedingungen. Offen bleibt, ob die untere Wassersäule dabei 
permanent anoxische Verhältnisse aufwies, oder ob bei der Ablagerung zeitlich begrenzte 
Sauerstoffdefizite vorherrschten. Obwohl die quantitativen und qualitativen Untersuchungen 
für die Sedimente der späten Kreidezeit und des Eozän eine hervorragende Eignung als 
Zusammenfassung 
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Erdölmuttergestein zeigten, stellt die unreife Art des organischen Materials eine 
Einschränkung hinsichtlich der Kohlenwasserstoffgenese dar. Unabhängig von der Reife des 
organischen Materials können die Einheiten der späten Kreide und des Eozäns jedoch als 
hervorragende unkonventionelle Ölressourcen (d.h. Ölschiefer) bezeichnet werden. 
Im Gegensatz zu den unreifen Sequenzen des Tarfaya Beckens stellen die Mergel und 
Kalke (Pliensbachium bis frühes Toarcium) der Lokation At Moussa (Boulemane Provinz) 
das einzige bekannte Beispiel eines effektiven Muttergesteins im Mittleren Atlas Marokkos 
dar. Die Analysenergebnisse zeigen Typ I/ II-Kerogen mit einer Dominanz von Algenmaterial, 
das unter marinen Bedingungen abgelagert wurde. Die Anwesenheit von holzigen Partikeln 
deutet jedoch darauf hin, dass auch terrestrisches Material eingebracht wurde. Organisch-
geochemische Analysen und charakteristische Biomarker bestätigen die Ablagerung 
karbonatreicher Sedimente unter sauerstoffarmen Bedingungen. In Bezug auf ihre 
thermische Reife haben diese Sedimente zwar das Öl-Fenster, aber nicht „Peak-Oil-
Generation“ erreicht. Die Ergebnisse der 1D-Simulationsrechnung unter Einbeziehung der 
kinetischen Parameter zeigen, dass die heutige Reifeverteilung der pliensbachischen 
Muttergesteine hauptsächlich auf jurassische und paläogene Versenkungen zurückzuführen 
ist. Die berechnete maximale Versenkungstiefe für die pliensbachischen Erdölmuttergesteine 
beträgt zwischen 2,5-2,8 km. Erdölgenese und Expulsion erfolgte in zwei Phasen im späten 
Jura und im späten Eozän.  
Im Gegensatz zu den von Karbonaten dominierten, marinen Systemen Marokkos 
repräsentieren die Sedimente des Zentralen Kongobeckens ein deutlich siliziklastisches, 
terrestrisch-dominiertes System. Die Entwicklung einer hohen Bioproduktion unter 
lakustrinen, anoxischen Bedingungen war die Grundvoraussetzung für die Ablagerung der 
an OM- reichen Loia- und Stanleyville-Gruppe (Oberjura bis Unterkreide), und die Erhaltung 
des aquatischen Materials (Algen bzw. Phytoplankton) mit Kerogen-Typ I als dominierendem 
Bestandteil. Nicht nur Sedimente aus dem Altpaläozoikum und Neoproterozoikum weisen 
eine Mischung aus OM- armen und von Algen dominiertem, organischen Material auf, 
sondern auch einige Proben der Stanleyville-Gruppe. Tmax- und Vitrinitreflexions-Werte aller 
mesozoischen und paläozoischen Sedimente zeigen ein frühes Reifestadium, das nur zum 
Teil, z.B. für die Stanleyville und Loia Gruppen, im Öl-Fenster anzusiedeln ist. Die Werte der 
Vitrinitreflexionsmessung dienten zur Kalibrierung von 1D-Modellen der Bohrungen Dekese 
und Samba, und ermöglichten einen Überblick über Absenkungs-, Temperatur- und 
Reifungsgeschichte. Die Modellierungen verdeutlichten, dass die tiefste Versenkung 
während der späten Kreidezeit, vor ca. 80 Ma am Übergang Santon-Campan, vorlag. Für die 
Bohrungen Dekese und Samba konnte eine minimale Erosionsmächtigkeit von 1000 m 
beziehungsweise 900 m rekonstruiert werden, die mit den vorliegenden Reifedaten kalibriert 
wurden. 
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Abbreviations 
 
CaCO3 : Calcium carbonate (%) 
Corg: Organic carbon (%) 
Cinorg : Inorganic carbon (%) 
Ctotal : Total carbon (%) 
Fe: Iron (%) 
HC: Hydrocarbons 
HI: Hydrogen Index S2 / %Corg 
OI: Oxygen Index S3 / %Corg 
OM: Organic matter 
Ni: Nickel (g/g) 
PI: Production Index S1/S1+S2 
S1 : Amount of free hydrocarbons in rock (mg HC/g); mobile organic matter in source rock. 
S2 : Amount of hydrocarbons formed by the pyrolytic breakdown of kerogen (mg HC/g). 
S3: Amount of CO2 formed by pyrolytic breakdown of kerogen (mg HC/g). 
Tmax : Heating temperature at which top peak of S2 occurs. 
TS: Total sulphur (wt%) 
V: Vanadium (g/g) 
VRr (%): Vitrinite reflectance in %. 
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1. Introduction 
1.1. Motivation 
 
Excellent petroleum source rocks are well known from Africa, especially from Libya and 
Algeria, where Lower Silurian (Tanezzuft Formation), Devonian and Mesozoic source rocks 
are present. In Angola, southwest Africa, hydrocarbons are produced from Late Cretaceous 
(Cenomanian/Turonian) and Cenozoic post-salt petroleum systems as well as an Early 
Cretaceous and Late Jurassic pre-salt petroleum system (Burke et al., 2003; Fig. 1.1). 
Developed petroleum systems in Morocco occur in the Essaouria Basin, Prerif Basin and 
Rharb Basin (Morabet et al., 1998; Fig. 1.1). Potential source rocks are of Silurian (eastern 
Essaouira), Liassic (Prerif), Oxfordian (western Essaouira), and Cretaceous (well Ain Hamra, 
north of Rharb Basin; Morabet et al., 1998) age. Furthermore, Miocene source rocks were 
discovered in the Rharb Basin (Morabet et al., 1998). The origin of the oil shows at Cap Juby 
in the offshore Tarfaya Basin and of oil shows in the Guettata wells in the onshore Essaouira 
Basin is uncertain, but a Jurassic (i.e., Toarcian) carbonate source rock has already been 
suggested by Morabet et al., 1998. In contrast to Toarcian sediments, which have been 
identified as potential source rocks at a number of locations worldwide (Boote et al., 1998; 
Wignall et al., 2005), Pliensbachian sediments are less studied and poorly understood. 
To improve the understanding of the little understood petroleum systems in northwestern 
Africa, and to test the quality of the deposited organic matter with respect to their 
hydrocarbon generation potential, petroleum source rocks from the Tarfaya Basin, Morocco, 
and adjacent areas (Bas Draa area, northern part of the Zag/Tindouf Basin; Fig. 1.1) were 
investigated in detail for the first time. Due to missing outcrops of Jurassic sediments in the 
Tarfaya Basin, this stratigraphic unit was investigated from the locality Aït Moussa in the 
middle High Atlas. Pliensbachian sediments might be a good source rock because of 
depositional conditions similar to the Toarcian, 
The Central Congo Basin is one of the world’s largest intracratonic basins, but still poorly 
understood concerning its petroleum generation potential. It represents mainly a continental 
depositional environment that differs from the Atlantic rift- related basins in NW Africa 
considerably. Intra-continental rift basins contain some of the world’s major hydrocarbon 
provinces, for example in West Siberia, Africa, South America, China, and southeastern Asia 
(Harris et al., 2004). Consequently, the geochemical and petrological hydrocarbon potential 
characterization of some key sedimentary units of the Central Congo Basin presented in this 
study fills a major gap in the intracratonic basin system knowledge. 
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Figure 1.1. Overview about the study areas and important producing 
petroleum areas in Africa. 
 
 
1.2. Thesis overview 
 
The main objective of this thesis is the characterization of potential source rocks and their 
hydrocarbon generation potential from different stratigraphic units and localities in Northern 
and Central Africa (Morocco and Democratic Republic of Congo (DRC)). In petroleum 
systems the presence, thickness, quality, and maturation history of the petroleum source 
rocks are important elements defining a „charge risk“. Therefore, this study provides detailed 
geochemical and petrological data on the source rocks in a geological context. In addition, 
results from 1D petroleum system modeling, including kinetic data, for individual localities are 
presented. A high number of samples were analyzed using standard geochemical and 
petrological techniques such as Corg measurements, elemental analysis, Rock- Eval 
pyrolysis, vitrinite reflectance measurements, bulk kinetic parameter evaluation as well as 
GC/GC-MS. These parameters enabled a detailed analysis of the quality, quantity, and 
maturity of the organic matter as well as the study of the source rocks` depositional 
environment. Vitrinite reflectance data was used for calibration of 1D models (locality Aït 
Moussa, Morocco (chapter 4); wells Samba and Dekese, Central Congo Basin, DRC 
(chapter 5)), that characterize the burial-, thermal-, and maturation history of the investigated 
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area. In addition, new bulk kinetic parameters were used in the 1D model of the locality Aït 
Moussa to estimate the petroleum generation rate and timing. 
The general workflow that was adopted for the characterization of potential source rock 
samples and which is described in detail in the following chapters is compiled in the flowchart 
in Fig. 1.2. 
 
 
 
Figure 1.2. Flowchart showing the workflow of the analytical program performed for the study. 
 
1.3. Chapter 2: Tarfaya Basin, Morocco 
 
Chapter 2 was published as “Sachse, V.F., Littke, R., Heim, S., Kluth, O., Schober, J., 
Boutib, L., Jabour, H., Perssen, F., Sindern, S., 2011: Petroleum source rocks of the Tarfaya 
Basin and adjacent areas, Morocco. Organic Geochemistry, 42, 209-227”. 
This chapter compiles the analysis of organic geochemical and petrological data of potential 
source rocks in the Tarfaya Basin in southern Morocco/Western Sahara. Samples were 
collected by me during a field campaign in March 2009. In total 154 samples cover almost all 
stratigraphic units in the Tarfaya Basin. Due to the absence of Paleozoic outcrops, sample 
material was collected in outcrops at the northern flank of the Tindouf Basin and the Bas 
Draa area. Based on the moderate to high Corg contents of Cretaceous sediments, especially 
in Cenomanian, Turonian, Santonian and Coniacian, they were in the focus of further studies 
(GC/GC-MS). With respect to their hydrocarbon generation potential also Eocene sediments 
were analyzed. All selected samples were investigated using geochemical characterization 
techniques such as Rock-Eval pyrolysis, vitrinite reflectance measurements, elemental 
analysis and GC/GC-MS measurements. 
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1.4. Chapter 3: Tarfaya Basin-Tarfaya Sondage No.2, Morocco 
 
Chapter 3 was published in the Journal of Marine and Petroleum Geology as “Sachse, V.F., 
Littke, R., Jabour, H., Schümann, T., and Kluth, O: Late Cretaceous (Late Turonian, 
Coniacian and Santonian) petroleum source rocks as part of an OAE, Tarfaya Basin, 
Morocco”, doi: 10.1016/j.marpetgeo.2011.08.014. 
This chapter represents the organic geochemical and petrological characterization of 
sediments of the Late Cretaceous. 195 fresh core samples were taken from Tarfaya 
Sondage No. 2 (coordinates: N 27° 57´ 43,1´´; W 12° 48´ 37,0´´), covering the Santonian, 
Coniacian and the Late Turonian. The well was drilled under the supervision of Prof. W. 
Kuhnt from the Christian-Albrecht University in Kiel in autumn 2010 and reached a final depth 
of 200 m. The sampling approach was two-fold. First, the entire organic matter-rich interval 
between 25 and 200 m depth was sampled with rock pieces taken roughly every 3 m. This 
should give an overview on the evolution of the thick black shales in more general terms. In 
addition three intervals were selected and sampled more closely (30 cm intervals). Main 
focus was on the depositional environment with respect to Oceanic Anoxic Events (OAE) 
during the Late Cretaceous, including the type of organic matter and its maturity range. 
 
1.5. Chapter 4: Central Middle Atlas, Morocco 
 
Chapter 4, has been accepted by the Journal of Petroleum Geology as “Sachse, V.F., 
Leythaeuser, D., Grobe, A., Rachidi, M., and Littke, R.: Organic geochemistry and petrology 
of Lower Jurassic petroleum source rocks from Aït Moussa, Middle Atlas, Morocco”. This 
chapter deals with the characterization of the Pliensbachian (Lower Jurassic), outcropping in 
the middle High Atlas, Morocco. Samples of Pliensbachian limestones, argillaceous 
limestones and marls were collected by M. Rachidi and F. Neuweiler (Université Laval, 
Quebec, Canada) from an outcrop located SE of Aït Moussa village. In total 22 samples were 
studied. All samples were measured for Corg and based on elevated Corg contents, thirteen 
samples were selected for petrological and geochemical investigations. In addition, 1D 
burial-, thermal-, and maturation history was calculated based on vitrinite reflectance data as 
calibration parameter. Bulk kinetic parameters were measured on one representative sample 
(carried out at GFZ Potsdam). This data was used in a PetroMod 1D numerical model to 
calculate petroleum generation dynamics. 
1.6. Chapter 5: Central Congo Basin, DRC 
 
AAPG Bulletin accepted chapter 5 as “Sachse, V.F., Delvaux, D., and Littke, R., Petrological 
and geochemical investigations of potential source rocks of the Central Congo Basin, DRC”, 
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in press. Chapter 5 provides for the first time an organic geochemical/petrological 
compilation of various stratigraphic units of the Central Congo Basi, Democratic Republic of 
Congo (DRC). A total of 147 samples were made available from the Royal Museum for 
Central Africa, Tervuren, Belgium (Damien Delvaux). They include outcrop samples of the 
Neoproterozoic, Middle to Early Paleozoic, Late Carboniferous-Early Permian, and Late 
Jurassic-Early Cretaceous. Additionally, samples from wells Dekese and Samba were 
collected. One coal sample of Mid Permian age was also investigated. Quality, quantity, 
maturation, and depositional environment were investiagted using standard geochemical 
characterization techniques as well as GC/GC-MS. Based on vitrinite reflectance data and 
the geological setting, burial histories of wells Samba and Dekese were reconstructed. 
 
1.7. Chapter 6: Conclusions and Outlook 
 
The last chapter summarizes the results and observations which were carried out in this 
study. 
Main focus is paid to the depositional environments of the investigated stratigraphic units, the 
maturity of the organic matter and hydrocarbon generation potentials of the organic matter-
rich sediments. 
The chapter finishes with an outlook on further exploration potential in Morocco and in the 
Democratic Republic of Congo. 
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2. Petroleum source rocks of the Tarfaya Basin and adjacent 
areas, Morocco 
 
Keywords: Morocco, Tarfaya Basin, kerogen classification, biological marker, elemental 
analysis, thermal maturation, depositional environment 
 
2.1. Abstract 
 
This work characterizes the source rock potential of the Tarfaya Basin and enables us to 
reconstruct its geochemical history. Outcrop samples covering different stratigraphic intervals 
of the basin, plus the northwestern part of the Zag/Tindouf Basin (Bas Draa area), were 
analyzed for total organic and inorganic carbon contents and total sulfur content. Rock-Eval 
analyses and vitrinite reflectance measurements were performed on 56 samples chosen on 
the basis of organic carbon content. A set of 45 samples were solvent-extracted and non-
aromatic hydrocarbons were analyzed by gas chromatography-flame ionization detection 
(GC-FID) and GC-mass spectrometry (GC-MS). Non-isothermal open system pyrolysis at 
different heating rates also was applied to obtain kinetic parameters for modeling petroleum 
generation from four different source rocks. 
High quality petroleum source rocks with high organic carbon content and hydrogen indices 
were identified in sediments of Eocene, Coniacian, Turonian and Cenomanian age. Most of 
the sediments were carbonate rich and organic carbon/sulfur values were high to moderate. 
Various maturity parameters indicated immature or possibly early mature organic matter. 
Based on organic geochemical and petrologic data, the organic matter is of marine/aquatic 
origin (Cenomanian) or a mixture of aquatic and terrigenous material (Eocene). The Early 
Cretaceous interval did not contain high quality source rocks, but indications of petroleum 
impregnation were found. 
 
2.2. Introduction 
 
For a number of years, exploration interest has focused onshore in western Morocco and 
offshore on the Atlantic margin (Jarvis et al., 1999). Several companies drilled wells in the 
on- and offshore parts of the Tarfaya Basin, such as the offshore wells MO-1 to MO-8, Cap 
Juby-1, Puerto Cansado-1, and El Hamra-1 (Leine, 1986). Oil shows in Mauritania and in the 
northern Moroccan basins emphasize the possible economic relevance of active petroleum 
systems along the northwest African continental margin. Numerous research projects were 
focused on Cenomanian/Turonian sediments and their depositional environment (e.g., 
Lüning et al., 2004; Kolonic et al., 2002; Kuhnt et al., 2001, 2005). 
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The main objective of this study is to determine source rock parameters for different 
sedimentary sequences in the Tarfaya Basin and adjacent areas, with a focus on Upper 
Cretaceous and Eocene units. We aim to assess the depositional environment of these 
source rocks and to provide implications for future petroleum exploration and resource 
assessment in Moroccan coastal regions. A detailed overview of organic matter (OM) type, 
quantity, and quality is presented to improve the overall organic geochemical information 
available for the Tarfaya Basin. For this purpose, outcrop samples covering various 
stratigraphic units of the basin were collected. Because of the absence of Jurassic outcrops 
within the Tarfaya Basin, samples of this age were sampled north of Agadir, the outcrop 
location nearest to the Tarfaya Basin. In addition to this sample set, we analyzed some 
Palaeozoic sediments, which occur in the deep subsurface. Because Paleozoic sequences 
are not exposed or are not present in the Tarfaya Basin, a few sediments of this age were 
sampled along the northern flank of the adjacent Tindouf Basin. 
 
 
 
 
Figure 2.1. Location of study area, including several outcrop localitieas (chapter 2) and the 
well “Tarfaya Sondage No.2”, described in chapter 3. 
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2.3. Tarfaya Basin-geological background 
 
Tarfaya Basin is an Atlantic margin basin in the southernmost part of Morocco stretching 
over 1000 km along the western margin of the Sahara (Fig. 2.1). It is bounded by the 
Mauritanide thrust belt (Adrar Souttouf, Dhoul, Zemmour) and the Precambrian Reguibat 
Arch to the southeast and by the Paleozoic outcrops of the Anti-Atlas and the Tindouf Basin 
to the northeast (Fig. 2.1). The basement consists of the Pre-Cambrian North-West African 
Craton and Paleozoic rocks discordantly overlain by Mesozoic sediments that reach a local 
maximum thickness of 12 km (Kolonic et al., 2002). The geological and stratigraphic 
structure of the basin has been investigated in detail using well and seismic data.  The more 
recent onshore part of the basin is characterized by syn-rift structures in terms of grabens 
and half grabens overlain by almost undeformed Jurassic to Cretaceous formations that form 
a westward dipping monocline. 
As a result of early rifting of the central and southern North Atlantic during the Permian and a 
marine incursion into this rift system during the Triassic, a major phase of evaporite 
deposition occurred in the region (Heyman, 1989). The resulting salt province extends along 
the northwestern coast of Morocco and salt diapirs are important structural elements in the 
offshore area. Major transgression occurred in the Jurassic, coupled with high subsidence 
rates that were compensated by thick terrigenous clastic sequences as well as carbonate 
platform buildups in the shallower water shelf area, with a transition into a thin, basinal 
sequence. The 700 m of Jurassic sands, silts, and shales are preserved on Fuerteventura, 
indicating transport over the shelf and out into the deep water environment (Jarvis et al., 
1999). The end of the Jurassic is marked by a sea level fall and sub-aerial exposure of the 
shelf Jurassic sequence, as well as karstification and presence of red beds, which were 
drilled in wells Cap Juby-1, MO-2 and MO-8. 
Early Cretaceous (Aptian-Albian) sedimentation was mainly deltaic, most likely with sediment 
input from the Tindouf Basin in the northeast and the African Craton in the southeast. Major 
transgressions then occurred during the Cretaceous, mainly Mid to Late Cretaceous 
(Albian/Cenomanian, Cenomanian/Turonian, Santonian/Campanian), which initiated 
deposition of > 800 m of laminated biogenic sediments of Cenomanian to Santonian age in 
the Tarfaya Basin (Kolonic et al., 2002; Kuhnt et al., 2001, 2005). The sediments are rich in 
calcareous nanoplankton, dispersed biogenic silica, planktonic foraminifera, and high organic 
matter (OM) content. Sedimentation rates exceeded 0.1 cm/ky for deep areas (DSDP 367; 
Nzoussi-Mbassani et al., 2003) to ca. 1.1 to 1.7 cm/ky at Tarfaya, and around 10 to 22 cm/ky 
for continental shelfes (Kolonic et al., 2002; Nzoussi-Mbassani et al., 2003).  The 
depositional environment was nutrient-rich, as a result of an open shelf upwelling system. 
During the Cenomanian/Turonian anoxic event, organic carbon rich black shales were 
deposited (Lüning et al., 2004; Kolonic et al., 2002; Kuhnt et al., 2001, 2005). 
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An erosional unconformity truncates all of the Paleocene, Upper Cretaceous, and part of the 
Lower Cretaceous at the shelf edge. The erosion probably took place in Santonian to 
Paleocene times. Eocene and Oligocene units are overlain by a thicker Miocene sequence 
(maximum thickness 1 km; Davison, 2005). More detailed geological descriptions are given 
by e.g., Choubert et al. (1966, 1972), Wiedmann et al. (1978), von Rad and Arthur (1979), 
von Rad and Einsele (1980), Ranke et al. (1982), Heyman (1989), Davison (2005) and 
Michard et al. (2008). 
 
2.4. Methods 
 
Samples were collected from outcrops of Albian, Cenomanian, Turonian, Coniacian, 
Santonian, Campanian, and Eocene formations within the Tarfaya Basin, as well as 
Palaeozoic units (Ordovician, Devonian, and Carboniferous) in the northern flank of the 
Tindouf Basin. 
Total inorganic carbon (Cinorg) and organic carbon (Corg) were measured with a LECO RC-412 
carbon analyzer via IR absorption in a two stage measurement process (Corg between 350°C 
and 520°C; Cinorg between 520°C and 1050°C). With this method Corg and Cinorg can be 
determined in a single analytical run without previous removal of carbonates by acid 
treatment. Total carbon (Ctotal) concentration was determined using Ctotal= Cinorg + Corg. The 
CaCO3 proportion (%) was calculated using CaCO3= Cinorg * 8.333. This leads to a slight 
overestimation of carbonate content if dolomite is present instead of calcite. Microscopically, 
however, no dolomite rhomboeders were detected. Additionally, total sulfur concentration 
(TS) was measured using a Leco S 200 sulfur analyzer. For this method, precision is < 5 % 
error and the lower limit of detection is 0.001 %. 
Concentrations of Fe, V and Ni were determined on pressed powder pellets by way of energy 
dispersive x-ray fluorescence (Spectro XLab2000) equipped with a Pd-tube operated at 
accelerating voltage between 15 and 53 kV and current between 1.5 and 12.0 mA. Best 
excitation was achieved with Mo and Co targets. Precisions are < 0.5 % for Fe and < 5 % for 
V and Ni. Lower limits of detection are 0.08 % for Fe and 20 ppm for V and Ni. 
Rock-Eval pyrolysis was performed for a set of 56 samples having Corg content > 0.3 %. 
Approximately 100 mg of powdered rock were heated in the He stream of a DELSI INC 
Rock-Eval II instrument. A detailed description of the procedure is given by Espitalié et al. 
(1985). Parameters determined include hydrogen index (HI = mg hydrocarbon (HC) 
equivalents per g Corg), oxygen index (OI = mg CO2 per g Corg) and Tmax (temperature of 
maximum pyrolysis yield). A modified van Krevelen diagram (HI/OI) and a cross plot of S2 
and Corg were used for kerogen classification. 
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Vitrinite reflectance (VRr) was measured on samples with Corg > 0.5%. For microscopic 
studies, samples were embedded in an epoxy resin and a section perpendicular to bedding 
was polished according to the procedure described in Amijaya and Littke (2006) and Taylor 
et al. (1998). The polished blocks were investigated at a magnification of 500 x in incident 
white light and in incident light fluorescence mode, excited by ultraviolet (UV) and violet light. 
Because the detailed maceral classification typically used for coals (Taylor et al., 1998) is not 
suited to marine sediments, only four groups were differentiated: (i) vitrinites, (ii) inertinites 
and resedimented organic particles derived from mature to overmature rocks, (iii) structured 
marine particles (alginites and lamalginites) and (iv) unstructured, probably marine-derived, 
OM (Littke and Sachsenhofer, 1994). VRr measurements were performed using a Zeiss 
Axioplan incident light microscope at a wavelength () of 546 nm with a Zeiss Epiplan-
NEOFLUAR 50x/0.85 oil objective. An yttrium aluminium garnet (YAG) standard was used, 
with a reflectance of 0.889 % (in oil). For samples rich in vitrinite or solid bitumen particles, at 
least 50 measurements were made. Mean vitrinite reflectance and standard deviation values 
were calculated using the DISKUS Fossil software (Technisches Büro Carl H. Hilgers). In 
total, 46 samples were studied by way of reflected light microscopy, 13 of which gave reliable 
results, whereas 33 could not be used due to their low content of measurable vitrinite/OM 
particles. 
A set of 45 samples were selected for gas chromatography (GC) and gas chromatography-
mass spectrometry (GC-MS). For nonaromatic hydrocarbons an aliquot (10 g) was extracted 
with dichloromethane (DCM; 40 mL) and hexane (40 mL) using ultrasonic treatment. The 
extract was fractionated by way of polarity chromatography into subfractions of (I) 
nonaromatic hydrocarbons (5 mL pentane), (II) aromatic hydrocarbons (5 mL pentane/DCM, 
4:6) and (III) hetero compounds (5 mL MeOH). GC analysis of nonaromatic hydrocarbons 
was performed with a Fisons Instruments GC 8000 series ECD 850 equipped with an on-
column injector and a flame ionization detector (FID). H2 was the carrier gas, with 40 mL/s 
gas velocity. A Zebron ZB-1 HT Inferno fused silica capillary column (30 m x 0.25 mm i.d. 
film thickness 0.25 m, Phenomenex®) was used. Chromatographic conditions were as 
follows: 270°C injector temperature, 1μL split-splitless injection at 80 C, splitless time 60 s,   
3 min isotherm, then programmed at 10 C/min to 300°C (held 20 min). 
GC-MS analyses were performed using a Finnigan MAT 95SQ mass spectrometer linked to 
a Hewlett Packard Series II 5890 gas chromatograph, which was equipped with a 30 m x 
0.25 mm x 0.25 m i.d. film Zebron ZB-1 fused silica column (Phenomenex®). 
Chromatographic conditions were as follows: The spectrometer was operated in electron 
ionization (EI+) mode at ionization energy of 70 eV and a source temperature 260 °C, 
scanning from 35 to 700 amu at a rate of 0.5 s/decade with an interscan time of 0.1 s. Helium 
was the carrier gas. The oven temperature was programmed from 80 to 310 °C (held 3 min) 
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at 5 °C/min. The identification of hopanes and steranes is based on a full scan MS and the 
comparison of EI+- mass spectra with mass spectra data base libraries (NIST Wiley) and 
compound identification in published literature (Kolonic et al., 2002). All molecular ratios were 
determined by peak area measurements. 
Bulk kinetic parameters were determined at GFZ Potsdam. The samples (Eocene (686), 
Coniacian (696), Turonian (770), and Cenomanian (671)) were analyzed by way of non-
isothermal open system pyrolysis at four different heating rates (0.7, 2.0, 5.0 and 15 °C/min) 
using a Source Rock Analyzer© (Humble Instruments & Services, Inc.). The generated bulk 
petroleum formation curves served as input for the bulk kinetic model consisting of an 
activation energy distribution and a single pre-exponential factor. The pyrolysis products are 
transferred by a constant He flow (50 ml/min) and detected by a FID. Low heating rates were 
used to avoid heat transfer problems that might influence the product evolution curves, and 
consequently the geological predictions (Schenk and Dieckman, 2004). The discrete 
activation energy distribution with a single frequency factor was determined using the 
Kinetics 2000 software (Burnham et al., 1987). 
 
2.5. Results 
 
2.5.1. Elemental analysis 
 
Highest Corg values were found for the Eocene, Coniacian, and Cenomanian/Turonian 
samples, with values up to 17 % (Appendix 8.1; Table 2.1). For the Eocene and 
Cenomanian/Turonian samples, there was a tendency for the highest Corg values to occur in 
outcrops close to the coast (Outcrop 1 (Eocene) and Outcrop 2 for Cenomanian samples). 
The Cinorg content and thus the CaCO3 content is generally high for the 
Cenomanian/Turonian samples and variable or low for the Eocene and Aptian samples, 
respectively. 
Coniacian samples were selected from only one outcrop area (Outcrop 3) and have Corg 
content up to 7 % and CaCO3 content > 50 %. Corg contents < 0.6 % were measured for most 
samples of the Campanian, the Santonian, and Albian, although the Campanian samples 
from one outcrop locality (Outcrop 4) reached Corg values up to 2%. CaCO3 content of the 
Campanian and Santonian showed an increase in Cinorg with an increase in Corg. 
Lower Cretaceous, Carboniferous, Devonian, and Ordovician formations of the Bas Draa 
area/northwestern Zag/Tindouf Basin have low petroleum generation potential, based on 
their low Corg content. The same holds true for the Jurassic, sampled north of Agadir because 
of the absence of outcrops in the Tarfaya region. 
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Cinorg/Corg patterns define clear trend lines for the Carboniferous, Devonian, and Ordovician 
samples: with Corg increasing with increasing, CaCO3 content. A different pattern is obvious 
for the Lower Cretaceous and the Jurassic samples: despite low Corg values, the CaCO3 
values are high in some samples. 
Sulfur content is highly variable. Highest values - up to 2.8 % - occur in the 
Cenomanian/Turonian. Nevertheless, because of high Corg values the respective TS/Corg 
values are only moderate to low, ranging between 0.1 and 0.24. Moderate to high sulfur 
contents also occur in the Eocene and the Coniacian (up to 2 %). High TS/Corg values seem 
to be characteristic of the Eocene, with values up to 0.6 (Fig. 2.2a). 
In the Santonian and Campanian samples, the sulfur content is quite low, with values < 1 %. 
For these samples, the TS/Corg values range between 0.1 and 0.2, with one exception of 
0.95. For the Albian samples, we see another pattern: where low Corg values occur, the 
TS/Corg values are high (up to 2.36) due to moderate to high sulfur content (Fig. 2.2a). 
Clearly most of the sulfur is present as pyrite, as demonstrated by high pyrite content from 
microscopic examination. 
Because of the low Corg values, results for the Ordovician, Devonian, and Carboniferous 
samples are not described in detail. They are listed in the Appendix 8.1 in order to present 
information about the source rock characteristics of different stratigraphic units in the Tarfaya 
Basin/ Zag-Tindouf Basin. 
 
 
 
 
Figure 2.2. TS (total sulfur) and Corg content (a) and total iron and TS (b) of samples from different 
stratigraphic units in the Tarfaya Basin. 
 
 
The Fe content of some samples of Eocene, Campanian, Turonian and Cenomanian were 
measured and plotted vs. TS in Fig. 2.2b. Eocene samples contain the highest Fe content, 
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up to 1.2 %. All other Fe values are < 0.8 % and Turonian samples revealed the widest range 
of Fe content, between 0.2 and 0.8 %. 
 
V and Ni concentrations were highest for Eocene samples, with V content up to 631 μg/g and 
Ni content up to 186 μg/g. One Cenomanian sample (673) and one Turonian sample (770) 
also revealed high values, but not as high as in the Eocene samples. Most samples have 
higher V than Ni content (Figs. 2.3a, b); exceptions are the Campanian sediments, which are 
dominated by Ni. All elemental analyses are listed in the Appendix 8.1. 
 
 
 
 
 
Figure 2.3. V/V+Ni vs. TS (a) and vs. TS/Corg (b) of samples from different stratigraphic units in the 
Tarfaya Basin. 
 
 
2.5.2. Rock-Eval pyrolysis 
 
HI values for Eocene samples range between 12 and 694 mg HC/g Corg (Fig. 2.4a). The 
lowest values correlate with samples lean in Corg. OI values range between 43 and 944 mg 
CO2/g Corg, the higher values clearly being affected by CaCO3 decomposition. The Tmax 
values of the Eocene samples are in the range 409-425 °C (Fig. 2.4c) and production index 
(PI) values range between 0.03 and 0.15. Campanian samples also show such a wide 
variation; HI values range between 59 and 382 and OI between 285 and 477. Tmax values are 
in the range 422 to 429 °C with a PI of 0.04 to 0.16, similar to the results for the Eocene 
samples. Tmax values are affected by variation in kerogen type (Peters, 1986) and values for 
low S2 peaks are not reliable. Tmax values should be rejected if HI values are < 50 mg HC/ g 
Corg or if S2 < 0.2 mg HC/g rock (Hunt, 1996; Table 2.1). The Santonian samples do not show 
a wide variation: HI values are in the range 3 to 19 and OI values between 246 and 311. 
Because of the very low S2 values, Tmax and PI values are not reliable. 
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Highest HI values characterize samples from the Coniacian and Cenomanian/Turonian: HI 
reaches 778 mg HC/g Corg (Fig. 2.4a). OI values show a wide variation for both sample sets. 
Tmax values range between 408 and 422 °C (Fig. 2.4c), PI is, in most cases, < 0.1. 
HI values for the Albian samples are low to moderate, with a maximum of 335 mg HC/g Corg. 
Production indices for the the Albian samples are up to 0.6, with a Tmax of 415 to 419 °C 
despite relatively small S2 peaks (Fig. 2.4b). 
All Lower Cretaceous, Jurassic, Carboniferous, and Devonian samples have a very low 
potential for oil or gas generation. Because of the small S2 peaks, most Tmax values are not 
reliable. Rock-Eval pyrolysis was not carried out on the Ordovician samples because of their 
low Corg content. Pyrolysis results for the other units are listed in Table 2.1. 
 
 
 
 
 
 
Figure 2.4. Modified van Krevelen diagram (HI vs. OI) (a), S2 vs. Tmax (b) and HI vs. Tmax data (c) 
derived from Rock-Eval analysis of samples from various stratigraphic units in the Tarfaya Basin. 
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2.5.3. Organic petrography 
 
An overview of maturity distribution is provided by VRr data, vitrinite reflectance being 
considered to be the most reliable and commonly used maturity indicator (Dow, 1977; 
Waples et al., 1992a, b). However, in the case of the marine sedimentary succession 
investigated here, little vitrinite is present. Values are around 0.5 % for the Eocene samples. 
This maturation range is confirmed also by the observation of fluorescing liptinite macerals in 
UV light. 
VRr values for the Campanian samples range between 0.4 and 0.7 %, indicating immature to 
early mature OM. Alginite also was observed in the Campanian samples. Coniacian samples 
show a VRr value of only 0.3 %. Similar values were found for the Cenomanian and Turonian 
samples, in which strongly fluorescing OM was observed. The bulk of the OM is classified as 
fluorescing amorphous OM with some alginite present. The bulk of investigated samples 
(Table 2.2) consist mainly of liptinite (80–95 %), especially in the cases of Turonian and 
Cenomanian samples. The dominant liptinite group is alginite/lamalginite, while liptodetrinite 
and bituminite is rarely observed. Alginite occurs as small elongated particles (lamalginite). In 
marine sediments, alginite and liptodetrinite, represent the preserved remains of marine 
plankton. Bituminite is commonly regarded as a microbial degradation product of more labile 
OM that can only be (partly) preserved under specific conditions such as anoxic bottom 
waters (Tyson and Pearson, 1991). 
A smaller proportion of particles of inertinite or vitrinite of terrigenous origin also was 
observed, which indicates low inputs of land-derived eroded material in the Tarfaya Basin 
during Turonian and Cenomanian times. A higher amount of vitrinite/vitrinite- like particles 
could be observed in samples of Eocene and Campanian samples. The Santonian samples 
revealed a high amount of opaque, black particles, which represent strongly oxidized and 
resedimented terrestrial OM. Coniacian samples revealed a high amount of liptinite, but also 
vitrinite/vitrinite- like particles. The Albian samples contain predominantly vitrinite. 
Characteristic microscopic observations for selected samples are shown in Fig. 2.5 and are 
listed in Table 2.2. 
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Figure 2.5. Microscopic observations in reflected white light (a, b, c, e) and 
incident light fluorescence mode (d, f), a: vitrinite, Albian; b: foraminifera, 
Cenomanian/Turonian; c: bituminite, Cenomanian; d: alginite, 
Cenomanian/Turonian.; e: vitrinite and foraminifera, Cenomanian; f: layering 
with abundant brown amorphous OM, Cenomanian. Each picture represents 
200 x 200 m. 
 
2.5.4. Molecular composition 
 
Biomarker ratios were used to characterize the depositional environment and the maturation 
range of potential source rocks. The biomarkers we evaluated for this study were tri- and 
pentacyclic triterpanes as well as steranes (cf. Peters and Moldowan, 1991), with a focus on 
evaluation of peak area ratios from tri- and pentacyclic terpanes measured from the m/z 191 
trace and steranes measured from the m/z 217 trace (Table 2.3). 
The n-and iso-alkane patterns (Fig. 2.6), except for the Albian and some of the Eocene 
samples, show a clear dominance of short chain (C15 to C19) relative to long chain n-alkanes 
(C27 to C31). In the Eocene samples (e.g., 695), long and short chain n-alkanes occur in 
similar concentration. In contrast, the Albian sediments show a different pattern, 
characterized by a clear predominance of long chain n-alkanes. 
The abundance of pristane (Pr) and phytane (Ph) relative to the n-alkanes was moderate to 
high, especially in Coniacian, Turonian and Cenomanian samples. Samples of the Eocene, 
Santonian and Albian samples show a dominance of C17 over Pr and of C18 over Ph (Fig. 
2.7). In particular, the Cenomanian samples have a dominance of Pr vs. n-C17. Pr/Ph ratios 
for the Eocene samples revealed values up to 1.4; similar values also are given for Albian 
samples with values up to 1.2. Lowest values for this ratio present samples of Campanian, 
which are lower than 0.2. Santonian, Coniacian, Turonian and Campanian samples show 
similar ratios for Pr/Ph, up to 1.0 (Table 2.4). 
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Figure 2.6. Distributions of n-and iso-alkanes (Pr: Pristane; Ph: Phytane) in selected 
samples from various stratigraphic units in the Tarfaya Basin (a: Eocene; b: Santonian; c: 
Coniacian; d: Turonian; e: Cenomanian; f: Albian). 
 
 
Values of the carbon preference index and the odd-to-even predominance (CPI: 
(2*nC27)/(nC26+nC28), Bray and Evans, 1961; OEP: ((nC27+(6*nC29+nC31))/(4*(nC28+nC30)), 
Scalan and Smith, 1970) revealed values > 1 for nearly all samples (Table 2.4). Eocene, 
Campanian, Coniacian, and Santonian samples represent a wide range in the CPI values. A 
narrow range of values is given for the Turonian (1.03 to 1.44) and Cenomanian (1.03 to 
1.16) samples, whereas highest values are recorded for the Albian (1.85 to 2.85). The OEP 
shows similar pattern as the CPI: Eocene and Campanian samples show a wide variation. 
Samples of the Coniacian (0.58 to 6.30), Turonian (1.94 to 4.7), and Cenomanian (1.13 to 
2.01), as well as the Albian ones (2.17 to 3.13) show a narrower range for the OEP- values. 
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Figure 2.7. Pr/n-C17 vs. Ph/n-C18 for selected samples from various stratigraphic units in the Tarfaya 
Basin (after Shamungam, 1965). 
 
 
The trycyclic terpanes in the range C20 to C28 are nearly absent from all samples. Pentacyclic 
terpanes of the hopane series from C27 to C35 are dominated by C30 hopane as well as C31 to 
C33 hopanes. The 17(H)21(H) and 17(H)21(H) isomers dominate the m/z 191 
fragmentograms. In particular, C31 to C33 hopanes were present in the Coniacian, 
Cenomanian, and Turonian samples, but were not present or only at low concentration in the 
Eocene and Albian samples. The norhopane (C29)/hopane (C30) ratio is < 1 in all samples. 
The 22S/(22S+22R) ratios fall between 0.38 and 0.64. Neohop-13(18)-ene was detected in 
all samples, except from the Eocene. The terpane assignments are given in Table 2.3 and 
characteristic chromatograms are shown in Fig. 2.8 a-e. Table 2.4 summarizes the hopane 
ratios. 
C29S/C29(S+R) ratios vary between 0.2 and 0.5, with highest values for Turonian and 
Cenomanian. High concentrations of 24-ethyl-5,14,17(H)-cholestane occur in all 
samples, 24-methylcholestanes being dominant in Coniacian, Turonian, and Cenomanian 
samples, but not in the Eocene samples. Sterane assignments are given in Table 2.3, and 
characteristic chromatograms in Fig. 2.8f-j. Table 2.4 summarizes the sterane ratios. 
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Figure 2.8. Hopane (a-e) and sterane (f-j) distributions of selected samples from the 
Tarfaya Basin (a, f: Eocene, b, g: Coniacian, c, h: Turonian, d, i: Cenomanian, e, j: 
Albian). For peak identification see Table 2.4. 
2. Petroleum source rocks of the Tarfaya Basin and adjacent areas, Morocco 
 
  35 
 
2.6. Discussion 
 
2.6.1. General sediment composition and depositional environment 
 
TS was measured in our samples to provide insight into the depositional environment and in 
particular the intensity of bacterial sulfate reduction (Berner, 1970; 1984). Under anoxic 
conditions dissolved sulfate is reduced to H2S, which reacts with iron minerals to form iron 
sulfides. TS vs. Corg ratios reflect the intensity of microbial sulfate reduction in OM 
decomposition, and thus give a qualitative indication of the redox status of the environment 
of deposition. Berner (1970, 1984) found an empirical relationship between sulfur content 
and Corg content, which is typical of most marine sediments deposited under aerobic bottom 
waters (Fig. 2.2a). 
Moderate or high sulfur content and TS/Corg values (Fig. 2.2a) are characteristic of nearly all 
of our Eocene and Upper Cretaceous samples. These moderate to high ratio values indicate, 
in general, strong bacterial sulfate reduction. Very high TS/Corg values indicate that more OM 
is consumed via sulfate reduction than under normal marine conditions (Berner, 1984). 
Visual analysis indicates significant amounts of pyrite in the Eocene, Coniacian, Turonian, 
and Cenomanian samples, derived from bacterial sulfate reduction and OM oxidation. This 
indicates that sufficient iron was available to fix most of the sulfur in the form of iron sulfide. 
Littke et al. (1991a) and Lückge et al. (1996) showed that the consumption of part of the 
metabolized OM during early diagenesis greatly influences the quality of organic matter in 
shallow marine sediments. The bulk of the Cretaceous and Eocene samples shows high Corg 
and TS contents, but only moderate TS/Corg values. This might indicate that these samples 
were deposited under high productivity conditions, with bottom waters that were not anoxic, 
but only partly reduced in molecular oxygen. Thus sulfur uptake into the sediments occurred 
only in the freshly deposited sediment, probably at a few decimetres below the sediment/sea 
water interface. In completely anoxic waters, sulfide precipitation and sulfur uptake into OM 
already starts within the water column, leading to high TS/Corg values (Sinninghe Damsté and 
Köster, 1998). 
Interestingly, very high values also are typical of the Albian, but at low Corg values and also 
low HI values. The latter indicate only poor preservation of the primary OM, i.e. no anoxic 
bottom water. Another explanation for the high TS/Corg values in these sediments would be 
petroleum impregnation followed by (bacterial) sulfate reduction and petroleum oxidation. 
However, allochtonous solid bitumen was not observed in the samples in great quantities. 
Further studies would be necessary to test this hypothesis of petroleum impregnation, which 
is supported by high PI values for the Albian. 
Further insight is provided by sulfur/iron ratio values (Fig. 2.2b). Most Eocene and 
Campanian samples plot close to the pyrite line, which implies that essentially all iron is fixed 
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in pyrite.  Nevertheless, for these samples, iron availability was not limiting with respect to 
pyrite formation. Some Eocene and Campanian samples even have excess iron, which could 
be fixed in minerals such as smectite, chlorite and other clay minerals, or magnetite. In 
contrast, the Cenomanian and Turonian samples clearly have excess sulfur (Fig. 2.2b). This 
observation implies that not all the sulfur is fixed in pyrite, as a result of limited availability of 
reactive iron. Most of the excess sulfur was probably incorporated into OM. 
V and Ni are very common in marine carbonate source rocks (Barwise, 1990). In our 
samples, the highest V/(V+N) values occur in the Eocene, Cenomanian, and Turonian 
samples, up to 0.89 (Fig. 2.3 a, b), indicating a more marine than terrestrial milieu (Barwise, 
1990). An increase in the V/(V+N) is often interpreted as an indication of anoxic bottom water 
conditions (Barwise, 1990; Sundararaman et al., 1991). Most of our Eocene samples have 
Ni/V values < 1 indicating anoxic bottom water (Barwise, 1990). This matches with the 
TS/Corg, where high TS/Corg and V values indicate a more anoxic depositional environment, 
especially for the Turonian and Cenomanian samples. For the Eocene samples there is a 
trend, showing that with an increase of V an increase of TS occurs, indicating a variable 
depositional environment. 
Based on the relationship between Corg and TS contents the original sediment composition 
(original OM, carbonate, silicate) was calculated (Fig. 2.9; Littke, 1993), which describes the 
content of silicate, OM and carbonate before sulphate reduction. 
The Cretaceous and Tertiary sediments from the Tarfaya Basin, Morocco, never experienced 
high diagenetic temperatures allowing thermochemical sulfate reduction (Michard et al., 
2008). Therefore, all of the sulfur can be attributed to early diagenetic processes and mostly 
to bacterial sulfate reduction. The low sedimentation rate in the Tarfaya Basin (~1.0 cm/ky; 
Nzoussi-Mbassani et al., 2003) excludes a significant deposition of clastic, reworked pyrite or 
marcasite, because these minerals are rapidly destroyed by weathering (Littke et al., 1991b). 
In general, sulfur in petroleum source rocks is almost exclusively the product of diagenetic 
mineral precipitation or diagenetic sulfur incorporation into OM. Almost no sulfur is of primary 
origin and is deposited as mineral grains or as part of the OM. 
As dissolved sulphate is reduced, the sulfide concentration in sediments increases and part 
of Corg is consumed (Lückge et al., 1996; Lallier-Vergès et al., 1993). Sulfur concentration 
therefore can be used to calculate the OM content before sulfate reduction according to 
Littke (1993; Fig. 2.9). Samples from the Cenomanian and Turonian define trends, showing 
that, with an increase in silicate, the content of OM also increases. This tendency is 
explained as a consequence of a higher nutrient supply when the supply of clastic material 
increased in otherwise carbonate-dominated environments (Stein and Littke, 1990; Thurow 
et al., 1992). 
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The Albian samples represent another system, with a high percentage of silicate and a low 
amount of OM. Here, silicate rich, carbonate lean sediments may represent times in which 
bioproduction was significantly reduced; therefore, both OM and carbonate are depleted. In 
the case of the Eocene there is no clear trend because of the occurrence of several 
siliciclastic and several carbonate dominated samples. In these sediments, OM productivity 
increases with increasing nutrient supply, usually in combination with higher input of 
siliciclastics (Fig. 2.9). In contrast, most of the siliciclastic Eocene sediment show an increase 
in OM content with increasing carbonate content, probably reflecting the input of 
algal/phytoplankton biomass, which is almost absent from the pure siliciclastic sediments. 
Deposition may have occurred when bioproduction was much reduced and therefore 
carbonate and OM were depleted. Oxidation within these sediments further contributed to 
organic carbon loss. 
 
 
 
Figure 2.9. Original sediment composition of samples from various stratigraphic units in the Tarfaya 
Basin. 
 
 
Short chain n-alkanes (< C20), typical of all the samples except for those of Eocene and 
Albian age (Fig. 2.6), are predominantly found in rocks in which organic matter is derived 
from algae and phytoplankton (Cranwell, 1977) or in which high temperatures have led to 
cracking of long-chain hydrocarbons. The latter effect can, however, be excluded due to the 
low thermal maturity of the samples studied. The abundance of Pr and Ph was moderate to 
high, which is typical of marine sedimentary OM. Most of the investigated samples revealed 
Pr/Ph ratios <1, which are indicative for more reducing conditions (Didyk et al., 1978). Values 
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> 1 where measured for Eocene samples, indicating a higher oxygen content in bottom 
waters during deposition. The same holds true for Albian samples, which show a wider 
variation in Pr/Ph ratios. Coniacian, Turonian and Cenomanian samples exhibit a 
predominance of Ph. Santonian samples show a wider spread of values, possibly indicating 
a variation in the depositional environment (Table 2.4; Fig. 2.7). 
Eocene OM in our samples consists of a mixture of marine and terrestrially derived material. 
The dominance of the short chain n-alkanes supports the assumption of mainly marine, 
aquatic OM in the case of the Turonian and Cenomanian samples. In contrast, the n-alkane 
pattern of Albian sediments indicates a predominance of terrestrial OM, with little input of 
algae/phytoplankton material (Fig. 2.6). 
Tricyclic terpanes in the range C20 to C28 are thought to represent evidence for a contribution 
from higher plant material (Tissot and Welte, 1984) but are only minor compounds close to 
the detection limit in our samples. The occurrence of hopanes reflects the contribution of 
prokaryotic membranes, present in bacteria and blue-green algae (Tissot and Welte, 1984; 
Moldowan et al., 1985). The high contribution of C31 to C33 hopanes in Coniacian, Turonian 
and Cenomanian (Fig. 2.8) samples is an indicator for deposition under marine (shelf) 
conditions because the C31 to C33 homohopanes are derived from bacteriohopanetetrol.  
Homohopanes were only detected in small amounts in Eocene and Albian samples. Low 
homohopane index values suggest that anoxic conditions did not occur during deposition, but 
suboxic to dysoxic bottom water may have existed (Peters and Moldowan, 1991; Tyson and 
Pearson, 1991). 
High concentrations of C29 norhopane, as a result of preferential preservation in the presence 
of sulfur, are frequently observed in sediments with limited iron availability, such as 
carbonates (Blanc and Connan, 1992). Neohop-13(18)-ene was detected in all samples, 
except from the Eocenes (Fig. 2.8; Table 2.3), which is typical of OM rich sediments (Greiner 
et al., 1977). It is assumed that such components are derived from bacteria dwelling at or 
below the chemocline, and that they may be used as indicators of water bodies which were 
stratified in the past. Gammacerane, indicative of stratified water columns, often 
accompanying hypersalinity, was not detected in any sample. The dominance of C29 sterane, 
especially in Eocene sample 705, leads to the conclusion of a mainly terrestrial OM 
contribution. Samples from the Cenomanian and Turonian mainly show an input of the C28 
steranes associated with marine OM (Fig. 2.10). C27 sterane is dominant in samples from the 
Coniacian, Turonian, and Cenomanian, but not from the Eocene: This biomarker is most 
probably is derived from various types of marine algae. 
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Figure 2.10. Relative composition of C27, C28 and C29 steranes in selected samples from the Tarfaya 
Basin. 
 
2.6.2. Petroleum potential and maturity 
 
The generative potential of sedimentary rocks is defined by its Corg content and hydrogen 
richness, which is a function of kerogen type and preservation. Sedimentary rocks with Rock-
Eval S2 > 5 and 10 mg HC/g rock are considered as having a good and very good source 
potential, respectively (Peters, 1986). Given the relatively low maturity of the Morrocan 
outcrop samples, the measurement Corg and pyrolysate yields provide a close estimate of 
original generative potential. 
The Eocene samples exhibit a wide variation in HI and OI values, with the lowest HI values 
correlating with samples that are lower in Corg. The data fluctuation may be caused by the 
presence of resedimented organic particles (in samples with S2 < 5 mg HC/g rock) and/or the 
moderate quality of amorphous OM even within the intervals with moderate Corg values. 
Similarly, higher HI values (> 300 mg HC/g rock) for the majority of the samples may reflect 
better preservation of marine derived amorphous OM or a smaller supply of terrestrial or inert 
OM (Farrimond et al., 1990). Kerogen in Eocene samples is mainly Type II. Incident light 
microscopy results indicate a high abundance of algal material (Fig. 2.5) as well as some 
inertinite and resedimented vitrinite, consistent with a Type II classification. The Rock-Eval 
maturity indicators, Tmax and PI, show an overall immature or early mature stage for the 
Eocene sediments on the coastal area of the Tarfaya Basin. 
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The Campanian samples are characterized by Type III kerogen, based on their HI and OI 
values (Fig. 2.4a). This is supported by by microscopic observations which revealed a high 
percentage of vitrinite or vitrinite- like particles. Tmax and PI identify this unit as immature with 
respect to oil generation.  
According to the method of Langford and Blanc-Valleron (1990) using a plot of Corg vs. S2 
(Fig. 2.4b), the OM of the Santonian samples was allocated to Type IV kerogen, which 
implies no potential for oil generation. The Tmax and PI identify this unit as immature with 
respect to oil generation. 
HI values for the Coniacian samples are moderate to high, accompanied by low OI values 
and high Corg contents. Based on these data and the petrological observations, the organic 
material was allocated to oil-prone Type II kerogen, with some outlier samples that plot 
between the trend lines for oil prone Type I and Type II kerogens (Fig. 2.4a). Tmax values and 
vitrinite reflectance values reveal an immature source rock. 
Type I/II kerogen with a high potential for oil generation is present in Cenomanian/Turonian 
samples. Plots of HI vs. OI and HI vs. Tmax support the latter observation (Fig. 2.4a, b; Table 
2.1). Persistently low Tmax values and a vitrinite reflectance of about 0.3, confirm the 
immature stage (Tables 2.1; 2.2). Fluorescence microscopy supports these data, because 
strong fluorescence was observed (see Leine, 1986). 
The Albian samples contain Type III kerogen, having only a low potential for oil generation, 
with low HI and S2 values (Fig. 2.4b, c) supporting the latter observation. The PI values for 
the Albian samples are up to 0.6, which indicates active petroleum migration and sediment 
impregnation. 
All studied Lower Cretaceous, Jurassic, Carboniferous, and Devonian samples have very low 
potential for oil or gas generation based on the quantity and quality of OM (Table 2.1; Table 
2.2; Appendix 8.1). 
Values of the CPI and the OEP support the above conclusion about immature to early 
mature OM, except for some of the Eocene samples (Table 2.4). This is consistent with the 
Pr/n-C17 and Ph/n-C18 values, which are generally dominated by Pr and and Ph (Fig. 2.7). 
Only in the cases of the Albian and Eocene samples do n-C17 and n-C18 show a dominance, 
potentially indicating a more mature level. Maturity as expressed by hopane isomerisation 
ratios [22S/(22S+22R)] of nearly all samples shows that the OM is immature to marginally 
mature, as expressed in Cenomanian samples (Fig. 2.11a; Table 2.4). The Ts/Tm ratio, 
(18(H)-22,29,30-trisnorneohopane (Ts) / 17(H)-22,29,30-trisnorhopane (Tm) Table 2.4) is 
dependent on both thermal maturation and source lithology. During catagenesis, Tm is less 
stable than Ts; thus the ratio of Ts to Tm should increase with maturity. This is also the case 
for C29Ts/(C29 hopane+C29Ts) equivalent In our samples, both ratios show similar values < 
0.5, indicating immature/ marginally mature OM. 
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However, the biomarker ratios do not necessarily match well with the Tmax values, which 
indicate higher maturity, especially for one Eocene sample (688). Tmax values for Eocene 
samples are quite high as a result of organic facies/kerogen composition. Biomarker 
parameters indicate that these samples are just at the beginning of the oil generation zone 
and at best are as mature as the Cretaceous source rocks. 
Maturity information derived from typical sterane ratios shows a clear immaturity of all 
samples, i.e. the 20S/(20S+20R) values are all < 0.5 (Fig. 2.11b; Table 2.4). 24-ethyl-
5,14,17(H)-cholestane (20R) is the dominant C29 sterane isomer as is charactistic of  
immature source rocks (Fig. 2.8). 
 
 
 
 
 
Figure 2.11. The 22S/(22S+22R) ratio(a), and 20S/(20S+20R) of 
steranes (b) plotted vs. Tmax of samples from various stratigraphic 
units in the Tarfaya Basin. See text and Table 2.4 for explanation 
of biomarker parameters. 
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2.6.3. Bulk kinetics 
 
In accordance with maturity parameters as calculated Tmax from different heating rates in bulk 
pyrolysis, Tmax from Rock-Eval pyrolysis, vitrinite reflectance and biomarker analyses, most of 
the samples were classified as an immature or early mature Type II organofacies. Measured 
pyrolysis product generation rate curves were used to calculate the kinetic parameter data-
sets for selected samples from the Tarfaya Basin. These comprise discrete activation energy 
distributions for first-order reactions with Arrhenius-type temperature dependence using a 
single pre-exponential (frequency) factor (Fig. 2.12). The activation energy distributions and 
the corresponding pre-exponential factors for all four samples are shown in Figure 2.12 and 
listed in Table 2.5. The distributions are smooth and slightly asymmetric, indicating a marine 
Type II kerogen (Burnham et al., 1987; Espitalié et al., 1988; Wei et al., 1994; Reynolds and 
Burnham, 1995; Moretti and Deacon, 1995; Dessort et al., 1997). The Cenomanian and 
Turonian samples are characterized by a slightly narrower activation energy distribution 
indicating a more homogeneous OM assemblage. 
 
 
 
 
Figure 2.12. Activation energy distributions (kcal/mol) and frequency factors (1/sec) of source rock 
samples from the Tarfaya Basin. 
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Using the bulk kinetic parameters, the evolution of vitrinite reflectance, generation rates and 
transformation ratios (temperature and timing of petroleum generation) were calculated for a 
geological heating rate of 3 °C/Ma. This heating rate corresponds to an average geological 
heating rate in sedimentary basins (Schenk et al., 1997) and was used for modeling the 
Tarfaya Basin because of lack of thermal information. The petroleum generation rates and 
the kerogen transformation rates calculated by this procedure are shown in Figs. 2.13 and 
2.14. 
The results in terms of temperature vs. generation rate with calculated vitrinite reflectance 
curves for the Tarfaya samples are presented in Fig. 2.13, while data for the onset of 
petroleum generation (10% TR) and peak generation (geological Tmax) temperatures can be 
found in Table 2.6. 
We interpret the data for the onset of petroleum generation and peak generation 
temperatures to indicate greater similarity between the three Cretaceous samples and 
greater variability of OM input (terrestrial and aquatic) within the Eocene sample. 
 
 
 
 
Figure 2.13. Calculated generation rate (normalized in %; blue lines;) vs. temperature for a 
geological heating rate of 3 °C/Ma and calculated vitrinite reflectance (small black lines) of selected 
samples from the Tarfaya Basin. 
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Figure 2.14. Calculated predictions of kerogen transformation ratio (red lines) vs. temperature 
for a geological heating rate of 3 °C/Ma and calculated vitrinite reflectance (small black lines) of 
selected samples from the Tarfaya Basin. 
 
2.7. Conclusions 
 
Our data reveal the presence of at least four high quality source rock intervals in the Tarfaya 
region: strata of Eocene, Coniacian, Turonian, and Cenomanian age. Palaeozoic rocks in the 
Bas Draa area and northwestern Zag/Tindouf Basin contain only a small amount of OM; the 
same holds true for Jurassic sediments from the Agadir area. This observation does not, 
however, exclude possible pre-Late Cretaceous source rocks in the Tarfaya Basin. 
The high Corg content of the Eocene and Late Cretaceous samples is due mainly to high 
bioproductivity of aquatic OM (algae/phytoplankton) and its preservation. Anoxic bottom 
water conditions are interpreted for some Coniacian and Eocene samples with high TS/Corg 
values, indicating that sulfate reduction is likely occurring within the water column. 
Clearly, marine/aquatic derived OM strongly contributes to the total OM. This strong 
contribution finds an expression in high proportions of alginite in kerogen, accompanied by 
(a) the presence of components in the extractable hydrocarbons which are indicative of algal 
OM and (b) moderate to high HI values. In addition to the marine/aquatic derived OM, 
terrestrially sourced OM (higher land plants) is also abundant, especially in the Albian 
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sediments and partly also in the Eocene, which represents a mixture of terrigenous and 
marine material. Clear indications of the terrestrial material in the Albian are the high CPI 
values of long chain n-alkanes and the petrographic composition. 
All the Cretaceous sediments are immature or at an early maturity stage. This is indicated by 
several biomarker parameters, Tmax, and vitrinite reflectance values. Based on the vitrinite 
reflectance data and the geological setting, a burial of about 2 km for the Cretaceous 
sediments investigated is probable. High PI values and some exceptionally high TS/Corg 
values in Early Cretaceous rocks might indicate an active petroleum system in the basin. 
Whether some older (Pre-Cretaceous) source rocks or lateral migration from more mature 
(deeper) Cretaceous source rocks have contributed to this petroleum remains to be solved. 
This could also be an explanation for the oil shows in well Cap Juby, which were detected in 
Jurassic sediments. 
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2.9. Tables 
 
Table 2.1. Overview of Rock-Eval pyrolysis data of selected samples of the Tarfaya Basin. 
 
Sample Age 
Corg 
(%) 
S1 
(mg 
HC/g 
rock) 
S2  
(mg 
HC/g 
rock) 
S3 
 (mg 
HC/g 
rock) 
Tmax 
(°C) 
HI 
(mg/g
Corg) 
OI 
(mgCO2/ 
gCorg) 
PI 
(S1/ 
S1+S2) 
09/681 Eocene 0.6 0.08 0.53 1.86 412 87 311 0.13 
09/682 Eocene 1.0 0.14 1.65 3.86 409 164 383 0.08 
09/683 Eocene 3.29 1.2 11.52 12.68 423 350 385 0.09 
09/684 Eocene 1.96 0.81 5.17 5.57 418 263 284 0.14 
09/685 Eocene 2.29 0.95 10.64 21.58 417 465 944 0.08 
09/686 Eocene 7.2 2.34 29.15 7.38 425 405 103 0.07 
09/687 Eocene 2.75 1.69 9.35 24.49 408 340 891 0.15 
09/688 Eocene 1.68 0.65 8.31 2.32 427 494 138 0.07 
09/690 Eocene 0.5 0.04 0.06 3.86 - 12 766 0.4 
09/705 Eocene 3.54 0.48 13.51 2.91 423 382 82 0.03 
09/706 Eocene 3.34 0.51 16.42 3.6 420 492 108 0.03 
09/707 Eocene 4.47 2.45 31.04 1.92 411 694 43 0.07 
09/674 Campanian 0.8 0.09 0.47 2.28 429 59 285 0.16 
09/675 Campanian 1.66 0.22 5.56 6.99 422 335 421 0.04 
09/676 Campanian 2.05 0.39 7.82 9.76 428 382 477 0.05 
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09/692 Campanian 0.37 0.02 0 0.2 - 0 54 - 
09/723 Santonian 0.36 0.09 0.01 0.89 - 3 246 0.9 
09/726 Santonian 0.51 0.08 0.1 1.46 - 19 286 0.44 
09/728 Santonain 0.31 0.02 0.04 0.96 - 13 311 0.33 
09/693 Coniacian 6.1 1.78 37.24 5.24 408 610 86 0.05 
09/694 Coniacian 2.31 1.15 12.08 10.64 414 522 460 0.09 
09/695 Coniacian 5.21 1.72 38.49 21.84 409 738 419 0.04 
09/696 Coniacian 6.99 2.04 43.98 3.07 417 629 44 0.04 
09/698 Coniacian 1.09 0.14 4.95 1.61 413 454 148 0.03 
09/699 Coniacian 7.02 1.72 44.07 2.93 413 628 42 0.04 
09/700 Coniacian 4.33 0.85 24.03 3.77 412 554 87 0.03 
09/701 Coniacian 5.63 2.11 35.1 5.15 409 624 92 0.06 
09/702 Coniacian 4.58 1.57 24.01 25.13 410 524 549 0.06 
09/703 Coniacian 0.61 0.06 0.05 1.97 - 8 323 0.55 
09/704 Coniacian 0.75 0.07 0.12 0 - 16 - 0.37 
09/705 Coniacian 1.56 0.8 6.63 1.05 417 426 67 0.11 
09/770 Turonian 8.54 2.54 50.68 2.68 413 594 31 0.05 
09/771 Turonian 5.86 1.73 31.88 3.27 410 544 56 0.05 
09/772 Turonian 7.79 2.2 49.01 4.6 417 629 59 0.04 
09/773 Turonian 4.8 1.2 25.49 5.67 417 530 118 0.04 
09/774 Turonian 5.06 1.41 30.57 2.72 415 604 54 0.04 
09/775 Turonian 7.35 1.84 40.28 5.82 410 548 79 0.04 
09/776 Turonian 3.9 0.97 18.81 8.2 419 482 210 0.05 
09/668 Cenomanian 14.48 4.12 98.15 2.53 412 678 17 0.04 
09/669 Cenomanian 11.32 2.99 78.23 4.84 418 691 43 0.04 
09/670 Cenomanian 15.57 3.06 104.92 4.43 417 674 28 0.03 
09/671 Cenomanian 16.79 4.46 122.6 4.9 422 730 29 0.04 
09/672 Cenomanian 10.05 2.12 71.79 5.62 412 714 33 0.03 
09/673 Cenomanian 8.29 2.57 64.47 5.62 411 778 68 0.04 
09/711 Cenomanian 0.34 0.06 0.01 1.51 - 3 447 0.86 
09/722 Cenomanian 0.32 0.02 0 2.17 - - 682 1 
09/733 Cenomanian 0.41 0.11 0.17 0.71 - 42 173 0.39 
09/779 Cenomanian 0.38 0.07 0.04 1.4 - 11 370 0.64 
09/794 Albian 0.38 0.16 0.39 0.51 415 103 135 0.29 
09/750 Albian 0.5 0.04 0.06 0 - 12 0 0.4 
09/751 Albian 0.31 0.03 0.15 0.27 - 49 88 0.17 
09/752 Albian 0.38 0.09 1.27 0.72 - 335 190 0.07 
09/753 Albian 0.51 0.09 0.39 1.48 419 76 289 0.19 
09/754 Albian 0.57 0.06 0.4 0.94 - 70 166 0.13 
09/755 Albian 0.65 0.04 0.09 0.84 - 14 130 0.31 
09/759 Albian 0.41 0.06 0.04 2.36 - 10 570 0.6 
09/718 Lower Cretaceous 0.32 0.03 0 0.88 - 0 272 - 
09/719 Lower Cretaceous 0.41 0.64 0.62 1.8 - 150 435 0.51 
09/658 Carboniferous 0.5 0.03 0.08 0.28 - 16 56 0.27 
09/649 Upper Devonian 0.38 0.16 0.39 0.51 415 103 135 0.29 
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Table 2.2. Vitrinite reflectance data of Eocene and Upper Cretaceous samples of the Tarfaya Basin. 
 
Sample Stratigraphic Sequence Coordinates VRr % s N 
09/705 Eocene 26o 39.722’ N 12o 56.314’ W 0.53 0.04 19 
09/706 Eocene 26o 39.730’ N 12o 56.332’ W 0.52 0.13 84 
09/707 Eocene 26o 39.731’ N 12o 56.324’ W 0.52 0.14 51 
09/675 Campanian 27o 43.496’ N 12° 54.322’ W 0.69 0.09 100 
09/676 Campanian 27o 43.433’ N 12° 54.101’ W 0.45 0.16 49 
09/696 Coniacian 27o 59.864’ N 12° 07.189’ W 0.34 0.16 65 
09/699 Coniacian 27o 59.862’ N 12° 07.172’ W 0.28 0.001 2 
09/700 Coniacian 27o 59.859’ N 12° 07.167’ W 0.32 0.076 51 
09/670 Cenomanian/Turonian 28o 00.274’ N 12° 28.654’ W 0.22 0.03 48 
09/671 Cenomanian/Turonian 28o 00.279’ N 12° 28.645’ W 0.29 0.06 100 
09/672 Cenomanian/Turonian 28o 00.285’ N 12° 28.633’ W 0.25 0.02 5 
s: mean deviation; N: number of counts 
 
 
Table 2.3. Identified hopanes and steranes 
 
Number Component Abbreviation M+. (m/z) 
 Hopanes   
1 18(H)-22.29.30-Trinorneohopane Ts 370 
2 17(H)-22.29.30 Trinorhopane Tm 
 
370 
3 18(H)-Norneohopane C29Ts 396 
4 17(H).21(H)-30-Norhopane  398 
5 17(H)21(H)Normoretane  398 
6 17(H)21(H)Norhopane  398 
7 Neohop-13(18)-ene  410 
8 17(H)21(H)Hopane  412 
9 Hop-(17)21-ene  410 
10 (22S)-17(H).21(H)-29-
Homohopane 
 426 
11 (22R)-17(H).21(H)-29-
Homohopane 
 426 
12 (22S)-17(H).21(H)-29-  440 
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Dihomohopane 
13 (22R)-17(H).21(H)-29-
Dihomohopane 
 440 
14 (22S)-17(H).21(H)-29-
Trishomohopane 
 454 
15 (22R)-17(H).21(H)-29-
Trishomohopane 
 454 
    
 Steranes   
A (20S)-5(H)14(H)17(H) 
Cholestane 
 372 
B (20R)-5(H)14(H)17(H) 
Cholestane 
 372 
C (20S)-24-Methyl-5(H)14(H)17(H) 
Cholestane 
 386 
D (20S)-24-Methyl-5(H)14(H)17(H) 
Cholestane 
 386 
E (20R)-24-Methyl-5(H)14(H)17(H) 
Cholestane 
 386 
F (20R)-24-Methyl-5(H)14(H)17(H) 
Cholestane 
 386 
G (20S)-24-Ethyl-5(H)14(H)17(H) 
Cholestane 
 400 
H (20R)-24-Ethyl-5(H)14(H)17(H) 
Cholestane 
 400 
 
 
Table 2.4. Biomarker ratios for outcrop samples from the Tarfaya Basin. 
Hopanes Steranes 
n-
alkanes
Sample  
No Age 22S/ Ts/ Ts/ C29/ Moretanes/ Steranes/ C27S/ 20S/ Pr/ CPI OEP
(22S+22R) (Ts+Tm) Hopane (C29+C29Ts) Hopanes 17Hopanes (S+R) (20S+20R) Ph 
09/683 Eocene - 0.41 - - - - - - 1.17 1.97 0.21
09/688 Eocene - 0.16 - - - - - - - - - 
09/690 Eocene - 0.11 - - - - - - 0.78 1.18 1.83
09/705 Eocene 0.46 0.48 - - - 3.01 0.2 0.17 0.77 1.07 1.73
09/707 Eocene - 0.44 1 - - 3.86 0.26 - 1.33 1.19 2.09
09/728 Santonian - 0.74 - - - - - - 0.05 0.92 1.13
09/693 Coniacian 0.6 0.52 0.4 0.51 0.51 3.09 0.24 0.25 0.5 1 2.14
09/695 Coniacian 0.5 0.71 - 0.25 0.25 2.86 0.25 0.25 0.52 1.15 - 
09/696 Coniacian 0.39 0.56 1.03 - - 9 0.28 0.28 0.97 0.64 0.58
09/698 Coniacian - 0.86 - - - - - - 0.5 1.11 1.54
09/700 Coniacian 0.48 0.47 0.37 0.57 0.57 1.39 0.28 0.22 0.4 1.07 2.38
09/770 Turonian - 0.47 0.69 - 0.22 16.76 0.27 0.35 0.46 1.03 1.94
09/773 Turonian - 0.56 1.04 - - 38.32 0.34 0.06 0.46 1.02 1.87
09/774 Turonian 0.53 0.53 0.16 0.42 - 1.49 0.34 0.41 0.39 1.11 4.1
09/775 Turonian 0.48 0.45 0.35 - 0.22 1.9 0.37 0.34 0.42 1.44 4.7
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Table 2.5. Overview of the activation energies and the frequency factors of 
selected samples. 
 
Age/Sample 
Activation energy 
(kcal/mol) 
Frequency factor 
(sec-1) 
Eocene (09/686) 46-63 4.7711E+15 
Coniacian (09/696) 47-63 7.6245E+15 
Turonian (09/770) 50-63 5.3336E+15 
Cenomanian (09/671) 50-61 1.4053E+15 
 
 
Table 2.6. Calculated onset (TR 10%) and peak (Tmax) generation 
temperatures for the analysed source rock samples at a linear heating rate 
of 3°C/Ma. 
 
Age/Sample 
Onset of petroleum 
generation (°C) 
Peak generation 
(geological Tmax) 
Eocene (09/686) 101 162 
Coniacian (09/696) 110 152 
Turonian (09/770) 110 153 
Cenomanian (09/671) 115 150 
 
 
 
 
 
 
 
 
 
 
 
 
 
09/668 Cenomanian 0.59 0.78 0.42 0.37 0.19 3.92 0.4 0.49 0.44 - - 
09/669 Cenomanian 0.55 0.58 0.47 0.14 0.35 5.07 0.58 0.45 0.58 - - 
09/671 Cenomanian 0.49 0.4 0.57 0.24 0.89 3.19 0.4 - 0.5 1.03 1.45
09/755 Albian - 0.39 - 0.3 - - - - 1.22 2.17 3.13
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3. Late Cretaceous (Late Turonian, Coniacian and Santonian) 
petroleum source rocks as part of an OAE, Tarfaya Basin, Morocco 
 
Keywords: Petroleum source rocks, Tarfaya Basin, Morocco, Late Cretaceous, kerogen 
type, biological marker, thermal maturity, depositional environment 
 
3.1. Abstract 
 
Late Turonian, Coniacian and Santonian source rock samples from a recently drilled well 
(Tafaya Sondage No. 2; 2010) in the Tarfaya Basin were analyzed for quantity, quality, 
maturity and depositional environment of the organic matter (OM). To our knowledge such a 
thick sequence of organic matter rich Turonian to Santonian source rocks was investigated in 
that great detail for the first time. Organic geochemical and organic petrological 
investigations were carried out on a large sample set from the 200 m thick sequence. In total 
195 core samples were analyzed for total organic carbon (Corg), total inorganic carbon 
contents and total sulfur (TS) contents. Rock-Eval pyrolysis and vitrinite reflectance 
measurements were performed on 28 samples chosen on the basis of their Corg content. 
Non-aromatic hydrocarbons were analyzed on selected samples by way of gas 
chromatography-flame ionization detection (GC-FID) and GC-mass spectrometry (GC-MS). 
The organic matter rich carbonates revealed a high source rock potential, representing type I 
kerogen and a good preservation of the organic matter, which is mainly of marine 
(phytoplankton) origin. HI values are high (400-900 mg/g Corg) and in a similar range as those 
described for more recent upwelling sediments along the continental slope of North Africa. 
TS/Corg ratios as well as pristane over phytane ratios indicate variable oxygen content during 
sediment deposition. All samples are clearly immature with respect to petroleum generation 
which is supported by maturity parameters such as vitrinite reflectance (0.3-0.4 %), Tmax-
values (401-423°C), production indices (S1/(S1+S2) >0.1) as well as maturity parameters 
based on ratios of specific steranes and hopanes. 
 
3.2. Introduction 
 
Oceanic anoxic events (OAE) are well known from several periods in the earth history 
especially from the (Late) Cretaceous and have been well investigated. OAEs are 
characterized by the deposition of organic-rich black shales in coastal and open ocean 
areas, and in epicontinental seas (Schlanger and Jenkyns, 1976). OAEs are correlated with 
rising sea levels, changes in oceanic circulation, volcanic activity as well as increased sea 
surface temperatures leading to episodes of increased marine primary production, a 
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depletion of oxygen in the water column (expansion of the oxygen minimum zone), and an 
increased organic carbon burial (Schlanger and Jenkyns, 1976; Schlanger et al., 1987). Both 
marine productivity as a result of increased nutrient supply and increased preservation due to 
anoxic/dysoxic conditions are the major processes used to explain the deposition of these 
organic-rich black shales. In the Tarfaya Basin, transgressive cycles related to black shale 
deposition are known for the Albian/Cenomanian, Cenomanian/Turonian, and 
Santonian/Campanian, but most research was focussed on Cenomanian/Turonian event 
(Kolonic et al., 2002; Kuhnt et al., 2005). Repeated and widespread flooding caused a 
deposition of approx. 800 m of Cenomanian-Santonian sediments in the Tarfaya Basin 
(Leine, 1986; Kolonic et al., 2002). The Cenomanian/Turonian event occurred globally, 
whereas it is suggested that the Santonian event depends more on local conditions. 
Sediments associated with this event are restricted to areas located around the Atlantic 
Ocean (i.e. Ivory Coast, Brazil, Venezuela, Ghana) and seam to appear in shallow water 
settings and epicontinental seas. Another difference compared to the earlier Cretaceous 
OAEs seems to be the occurrence and repetition of a long- lived event compared to the 
single, short-lived, rapid black shale event such as the Cenomanian/Turonian OAE (Leckie et 
al., 2002). 
The main objective of this study was to determine conditions of sedimentation based on a 
detailed geochemical study on a newly drilled core. Indicators which give further insight to 
the depositional environment are discussed and a detailed overview on organic matter (OM) 
type, quantity, and quality is presented to improve the overall geochemical information 
available for the Tarfaya Basin, especially due to the lack of detailed geochemical data for 
the Santonian. The latter information is also relevant due to the possible economic 
significance of this extremely thick source rock sequence. 
 
3.3. Geological background 
 
The Tarfaya Basin (Fig. 2.1) is situated in the south of Morocco and bounded by the Anti-
Atlas Mountains in the north, the Zag/Tindouf Basin in the east, the Mauretanides in the 
south, the Reguibat Massif in the south-east, as well as the East Canary Ridge in the west. 
The basin contains a Hercynian Basement, including folded Precambrian and Paleozoic 
crystalline rocks, which are uncomformably overlain by Mesozoic and Cenozoic sediments. 
Jurassic neritic carbonates are deposited as a thick sequence (2000 m) and are overlain by 
deltaic sediments of Early Cretaceous age. Transgressive Late Cretaceous sediments cover 
the older sediments and contain black shale sequences, which occur in an area of approx. 
170.000 km² both on- and offshore (Leine, 1986; Kolonic et al., 2002). Early Miocene times 
were dominated by compressive tectonic events, erosion and the deposition of the thin 
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Moghrebian Formation. The geological history is described in more detail by Choubert et al. 
(1966, 1972), Davison (2005), Michard et al. (2008), and Sachse et al. (2011). 
 
3.4. Methods 
 
195 fresh core samples were taken from Tarfaya Sondage No. 2 (located 10 km east of 
Tarfaya village and close to the main road to Tan Tan, 100 m from the coast; coordinates: N 
27° 57´ 43,1´´; W 12° 48´ 37,0´´), covering the Santonian (well top to approx. 57 m), 
Coniacian (approx. 57 m- 96 m) and the Late Turonian (approx. 96 m to well bottom). 
Biostratigraphic differentiation was done by W. Kuhnt, A. Holbourn and M. Aquit from the 
Christian-Albrecht University in Kiel. The well was drilled in autumn 2010 and reached a final 
depth of 200 m. Black shales in the well start to occur at a depth of 27.6 m and appear as 
finely laminated marls. Lamination is well visible especially in the deepest part of the well. 
The black shales are covered by sand- and limestones that include shell fragments. The 
sampling approach was two-fold. First, we sampled the entire organic matter-rich interval 
between 25 and 200 m in depth with samples taken roughly every 3 m (Fig. 3.1a- d). This 
should give an overview on the evolution of the thick black shales in more general terms. In 
addition we selected three intervals which were more closely sampled (30 cm). The first of 
these represents the upper part of the core (27-31 m; Santonian, Fig. 3.1b). The second and 
third were well-laminated and dark horizons at 130-150 m (Late Turonian, Fig. 3.1c) and 185-
200 m (Late Turonian, Fig. 3.1d) depth. 
Total inorganic carbon (Cinorg) and Corg were measured on all samples of the Tarfaya 
Sondage No. 2 using a LECO multiphase C/H/H2O analyser (RC-412) via IR absorption in a 
two stage measurement process (Corg between 350°C and 520°C; Cinorg between 520°C and 
1050°C). With this method Corg and Cinorg can be determined in a single analytical run without 
previous removal of carbonates by acid treatment. Total carbon (Ctotal) concentration was 
determined using Ctotal= Cinorg + Corg. The CaCO3 proportion (%) was calculated using 
CaCO3= Cinorg * 8.333. If dolomite is present instead of calcite, this leads to a slight 
overestimation of carbonate content. Dolomite rhomboeders could indeed be identified in 
some samples. 
Furthermore, total sulfur concentration (TS) was measured using a Leco S 200 sulfur 
analyzer. For this method precision is < 5 % and the lower limit of determination is 0.001 %. 
Concentrations of Fe were determined on pressed powder pellets by way of energy 
dispersive x-ray fluorescence (Spectro XLab2000) equipped with a Pd-tube operated at 
accelerating voltage between 15 and 53 kV and current between 1.5 and 12.0 mA. Best 
excitation was achieved with Mo and Co targets. Precisions are < 0.5 % for Fe. 
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Rock-Eval analysis (Espitalie et al., 1985) was performed with a DELSI INC Rock-Eval II 
instrument on 28 samples that showed Corg contents >1.0 %. Parameters calculated from 
Rock-Eval data include hydrogen index (HI = mg hydrocarbon (HC) equivalents per g Corg), 
and Tmax (temperature of maximum pyrolysis yield). A HI-Tmax and a cross plot of S2 and Corg 
were used for kerogen classification. 
Analytical methods for organic petrology closely follow the guidelines set out in the 
International Organization for Standardization publications ISO 7404-2, ISO 7404-3 and ISO 
7404-5 and in Taylor et al. (1998) but vary in some points. Polished sections were prepared 
from pieces of core which have a size of approx. 1 - 6 cm². The rock samples were 
embedded perpendicular to bedding if possible, in a mixture of epoxy resin (Araldite® 
XW396) and hardener (Araldite® XW397) at the rate of 10:3 and hardened in an oven (37°C) 
for approx. 12 hours. Then the samples were ground and polished using an automated 
Struers Tegra Pol 21, with a Tegra Force 5 head, polishing system. It is a two stage process 
under wet conditions: at first the samples were ground sequentially using two different 
carborundum papers and H2O as lubricant. The first paper is a Diamante MD Piano 120 plate 
(Struers GmbH), the second is a SiC paper 1200 (grain size 15 m, Struers GmbH). After 
each grinding stage samples were washed with H2O to remove debris and prevent swelling. 
The next step was polishing the sample block to obtain a clean, uniformly flat and scratch- 
free surface. Three polishing laps covered with short-nap cloth (MD Plan (Struers GmbH), 
MD Dac (Struers GmbH) and Billard OP-U (Buehler) were loaded subsequently with 
suspensions of decreasing grain size and used in the following sequence; 9 μm (DP-Plan), 1 
μm (DP-Nap) and 0.5 μm (Feinpol OP-U). Each step lasted two to four minutes, depending 
on the kind of rock, but should be kept to a minimum to avoid the development of a relief. 
Water was used as a lubricant during polishing. After each polishing step the sample was 
washed with water to remove debris. Finally, the block was hand-buffed to remove fine 
smears and checked under a microscope for polishing quality and particle relief. 
Vitrinite reflectance analysis was performed on the individual samples at a magnification of 
500x in a dark-room using a Zeiss Axio Imager microscope for incident light equipped with a 
tungsten-halogen lamp (12V, 100W), a 50X/0.85 Epiplan-NEOFLUAR oil immersion 
objective and a 546 nm filter. Zeiss immersion oil (ne =1.518; 23°C) and mineral standards of 
known reflectance were used for calibration; namely Klein and Becker® leuco-saphire (0.592 
%), yttrium-aluminum-garnet (YAG; 0.889 %), gandolinium-gallium-garnet (GGG; 1.721 %) 
and cubic zirconium (3.125 %). The standards are kept in dust free boxes at constant 
temperature and humidity. In this study the YAG and the leuco-saphire standards were used. 
Vitrinite reflectance measurements (VRr) at random orientation of grains were made (i.e., no 
rotation of the microscope stage) in non-polarized light. In order to reach sufficient accuracy 
of vitrinite measurements, at least 100 points were measured on each sample whenever 
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possible. Data are processed using the DISKUS Fossil software (Technisches Büro Carl H. 
Hilgers). The Zeiss Axio Imager microscope was also used for incident light fluorescence 
mode, excited by ultraviolet (UV, 280-380 nm) and violet light (380-450 nm). Therefore it is 
equipped with a mercury lamp (HXP R120W/45C) and a 50X/0.85 Epiplan-NEOFLUAR 
objective. 
For aliphatic hydrocarbons aliquots of 10 g were extracted twice with 40 mL dichloromethane 
and 40 mL hexane, respectively, using ultrasonic treatment. The extracts were fractionated 
by silica gel based liquid chromatography into subfractions of (I) aliphatic hydrocarbons (5 
mL pentane), (II) aromatic hydrocarbons (5 mL pentane: dichloromethane, 4:6 v:v) and (III) 
polar compounds (5 mL MeOH). 
Gas chromatographic analyses of aliphatic hydrocarbons were performed with a Fisons 
Instruments GC 8000 series equipped with split/splitless injector and a flame ionization 
detector (FID). H2 was used as carrier gas with 40 ml/s gas velocity. A ZB-1 HT fused silica 
capillary column (30 m x 0.25 mm i.d., film thickness 0.25 m) was used. Chromatographic 
conditions were: 270 C injector temperature, 1μl split-splitless injection with a splitless time of 
60 s, temperature program: 80°C for 3 min, then programmed at 10 C/min to 300°C and held 
for 20 min. 
GC-MS analyses were performed on a Finnigan MAT 95 mass spectrometer linked to a 
Hewlett Packard Series II 5890 gas chromatograph, equipped with a 30 m x 0.25 mm i.d. 
(0.25 m film thickness) Zebron ZB-1 fused silica column. The mass spectrometer was 
operated in electron ionization (EI+) mode with ionization energy of 70 eV and a source 
temperature of 260°C, scanning from m/z 35 to 700 at 1.0 s/decade with an interscan time of 
0.1 s. He was used as carrier gas with a gas velocity of 60 ml/s. The oven temperature was 
programmed from 80 (isothermal time 3 min) to 310°C at 5 °C/min. The identification of 
hopanes and steranes was based on the comparison of EI+- mass spectra with reference 
material such as the comparison with compound identification pattern of i.e. Kolonic et al. 
(2002) and Sachse et al. (2011). All molecular ratios were calculated on the base of 
integration of peak areas of specific ion chromatograms (m/z 177, 183, 191, 217, 257, 271, 
384, 414). 
 
3.5. Results 
 
3.5.1. Elemental analysis 
Corg content is generally high in the studied sequence varying between about 1 and 19 % 
(Table 3.1; Fig. 3.1; Appendix 8.2). There is an overall tendency of slightly increasing Corg 
values towards the top of the well, although with a lot of scatter. Highest Corg contents were 
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measured for the 2nd interval (Late Turonian) between well depths of 130-150 m (Fig. 3.1c). 
The same holds true for total sulphur (TS) content (Fig. 3.1) and both parameters, Corg and 
TS are positively correlated (Fig. 3.2). In the intervals sampled at higher density, cyclic 
variations in Corg (and TS) are observed on a meter-scale, which seem to be more 
pronounced in the two deeper intervals as compared to the uppermost interval (Fig. 3.1, 
inserts b, c, d). CaCO3 content is also generally high varying for most samples between 30 
and 80 wt-% (Fig. 3.1). As in case of Corg and TS values, the more densely probed intervals 
in the deeper part of the well show some cyclic variability. Overall, CaCO3 and Corg as well as 
CaCO3 and TS are negatively correlated. In addition to calcite, dolomite is also present, 
especially in samples with a low amount of organic matter. TS measurements revealed 
values varying between 0.2 and 3.5 % (Fig. 3.1). The amount of TS is increasing with 
increasing Corg values. TS/Corg values do not exceed 0.3, but are also variable (0.1 to 0.3) 
(Fig. 3.2). In addition, the Fe content of some samples of Coniacian and Late Turonian were 
measured and plotted vs. TS in Fig. 3.2b. Both samples contain high Fe content, up to 1.2%, 
whereas the Late Turonian samples also present the lowest values >0.2 %. All data is 
compiled in Appendix 8.2. 
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Figure 3.1. Elemental analysis data of Corg, CaCO3 and TS plotted versus depth (a) for 
samples of Tarfaya Sondage No 2 with focus and zoom on three main sampling intervals; (b) 
27-31 m (Santonian); (c) 130-150 m (Late Turonian); (d) 185-200 m (Late Turonian). 
 
 
 
 
Figure 3.2. TS and Corg (a) and (b) iron vs. TS values for Late Turonian, Coniacian and Santonian 
well samples. 
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3.5.2. Rock-Eval pyrolysis 
 
HI values for Coniacian and Late Turonian samples ranged between 338 and 856 mg HC/g 
Corg, with a mean average value of 750 mg HC/g Corg (Fig. 3.3a) and highest values for the 
Late Turonian. A correlation between Corg, HI and well depth is not obvious. The Tmax values 
of the Late Turonian and Coniacian samples were in the range of 401-423°C (Fig. 3.3a), with 
PI values <0.1 in all samples and not varying with depth (Fig. 3.5b, c). S2 values showed a 
wide variation, between 7-94 mg HC/g rock (Fig. 3.3b), which holds true for both stratigraphic 
units. With increasing Corg content, also S2 increases. Pyrolysis results are listed in Table 3.2. 
 
 
 
 
 
 
Figure 3.3. Rock-Eval data for Late Turonian, and Coniacian well samples (a) HI vs Tmax, (b) S2 
vs. Corg and (C) hydrocarbon potential S2 vs. S1. 
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3.5.3. Organic petrography 
 
Petrographic observations revealed a high amount of liptinite in the Santonian, Coniacian 
and Late Turonian samples, with only a minor contribution of vitrinite (Fig. 3.4a). In contrast 
to the observations on Santonian samples described in Sachse et al. (2011), inertinite and 
vitrinite, representing strongly oxidized and re-sedimented terrestrial OM, could not or only 
rarely be observed. The bulk of the OM in the Coniacian and Late Turonian samples was 
classified as liptinite, with a strong greenish fluorescence. Alginite/lamalginite predominates 
(Fig. 3.4d), whereas liptodetrite was only observed in minor quantities. There is also a 
fluorescing groundmass, probably due to presence of submicroscopically small liptinite in the 
mineral groundmass. Foraminifera and small pyrites are also common in most of the 
Coniacian and Late Turonian samples, as well as dolomite rhomboeders (Fig. 3.4a, c, b, e, f) 
which are prominent especially in the samples of the Late Turonian (i.e. samples 1174, 
1185). VRr values between 0.3 to 0.4 % were measured for the samples (Fig. 3.5a). The 
results of vitrinite reflectance measurements are plotted in Figure 3.5 showing no significant 
increase with depth. 
 
 
 
Figure 3.4. Microscopic observations in reflected white light (a, b, c) and incident light fluorescence 
mode (d, e, f), a: vitrinite, dolomite rhomboeders and pyrite (1185); b: foraminifera (1174); c: dolomite 
rhomboeders (1174); d: alginite, amorphous organic matter, and pyrite (1185) e: foraminifera and 
pyrite (1174); f: dolomite rhomboeders and amorphous organic matter (1174). Each picture represents 
200 x 200 m. 
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Figure 3.5. Maturity parameters VRr (a), Tmax (b) and PI (c) plotted versus depth for Late 
Turonian, Coniacian and Santonian well samples. 
 
 
3.5.4. Organic geochemistry 
 
Biomarker ratios were used to characterize the depositional environment and the maturation 
range of potential source rocks. 
Organic geochemistry of the samples of Sondage No 2 revealed n-and iso-alkane patterns 
(Fig. 3.6), which show a clear dominance of short chain (C15 to C19) relative to long chain n-
alkanes (C27 to C31). 
The concentration of pristane (Pr) and phytane (Ph) relative to the adjacent n-alkanes was 
moderate to high; in particular, about half of the samples have a dominance of Pr vs. n-C17 
and almost all of Ph vs. n-C18 (Fig. 3.7). The ratio of n-C17 / n-C27 is in all samples >1, except 
in sample 1311 (Santonian) where it is 0.62. In all samples, phytane is more abundant than 
pristane. Pr/Ph ratios vary between 0.05 and 0.53. 
Values of the odd-to-even predominance (OEP: (nC21+6*nC23+nC25)/(4*nC22+4*nC24)), based 
on Scalan and Smith, 1970) revealed values > 1 for all samples, except sample 1263 (Late 
Turonian) which has a value of 0.76. 
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Figure 3.6. Typical total ion chromatogram for a characteristic aliphatic fraction of the Late Cretaceous 
section investigated. 
 
The trycyclic and tetracyclic terpanes in the range of C21 to C29 are nearly absent from all of 
the Late Turonian, Coniacian and Santonian samples. Pentacyclic terpanes of the hopane 
series from C27 to C37 are under the detection limit in most samples, with some exceptions in 
a very few samples. A major exception was C28 17(H)21(H)-28,30-bisnorhopane (m/z 177, 
384) which was prominent in Late Turonian, Coniacian and Santonian samples. 
Measurement of 17(H)21(H), 17(H)21(H) and 17(H)21(H) isomers was only possible 
in samples 1142 (Santonian) and 1295 (Santonian). C31 and C32 homohopanes could only be 
observed in sample 1274 (Late Turonian) and 1142 (Santonian). Values for C32 
22S/(22S+22R) are 0.59 and 0.2, respectively. The norhopane (C29)/hopane (C30) ratio is < 
0.6 in both samples. Neohop-13(18)-ene could only be identified in samples 1142 
(Santonian) and 1129 (Late Turonian). In some samples traces of C34 botryococcane (m/z 
183) were detected, especially in sample 1274 (Late Turonian) and samples deeper in this 
section. 
3. Late Cretaceous (Late Turonian, Coniacian and Santonian) petroleum source rocks as part of an OAE, Tarfaya Basin, Morocco 
 
  63 
 
 
 
Figure 3.7. Pr/n-C17 vs. Ph/n-C18 for Late Turonian, Coniacian and Santonian samples of 
Tarfaya Sondage No 2 (after Shanmungam, 1985) indicating deposition under oxygen-
depleted conditions. 
 
Steranes are much more abundant than hopanes in the samples. The isomerization index for 
the C29 steranes (C29S/C29 (S+R)) revealed values < 0.5. Measurements of concentrations of 
C27, C28, and C29 steranes revealed a dominance of C28 steranes, a strong contribution of C29 
steranes, especially 24-ethyl-5, 14, 17 (H)-cholestane and minor abundance of C27 
steranes. In addition, desmethyl steranes, rearranged C27-C29 diaster-13(17)-enes (m/z 257) 
and C27-C29 4-methyl steranes (m/z 271) are abundant. In few samples the occurrence of C30 
dinosterane ( (20R, 23R, 24R)-4, 23, 24- trimethylcholestane; m/z 414) was detected. 
Sterane and hopane assignments are summarized in a total ion chromatogram in Figure 3.6. 
 
3.6. Discussion 
 
3.6.1 General sediment composition and depositional environment 
 
Variations in Corg, TS and CaCO3 seem to be characteristic for the investigated sequence 
and cyclic variations on a meter scale may be present. To investigate such cyclicity on a 103 
to 105 year scale, much more samples would have to be studied to reach a sufficient 
resolution. In this interval the CaCO3 content decreases while Corg content increases. 
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In general terms, we observe a negative correlation between CaCO3 and Corg values. This 
correlation can be explained by either (i) a constant flux of carbonate and organic matter, but 
variable preservation of OM due to changes in oxygen content of sea water, associated with 
development of an oxygen minimum zone or an anoxic or (ii) changes in carbonate or/and 
OM primary productivity. High surface water productivity leads to enhanced OM export flux to 
the seafloor, and to decrease of oxygen at the seafloor (Holbourn et al., 1999). The latter 
authors assume that upwelling and enhanced productivity are major factors determining 
sediment composition, associated with climatically-controlled variations in sea level and 
upwelling intensity which have an influence on the extend of the oxygen minimum zone. The 
position of the Tarfaya sedimentary sequence close to the coast, in an area strongly affected 
by of recent upwelling (Littke et al., 1998) is indeed indicating a strong influence of 
fluctuations in palaeoproductivity on sediment composition. 
TS and Corg values show a positive correlation and provide insight into redox status of the 
environment during deposition and intensity of microbial sulphate reduction. The bulk of the 
Santonian samples show high Corg and TS contents, but only low/moderate TS/Corg values 
(>0.4) as visible in Fig. 3.2 where most samples plot below the `normal marine` line (Berner, 
1984). This fact indicates deposition under high productivity conditions, with bottom waters 
that were not anoxic, but only suboxic. In completely anoxic water bodies, the TS/Corg ratio 
would be expected to be higher (Sinnighé Damste and Köster, 1998). TS/Corg and HI values 
do not correlate well with (Ph/n-C18)/(Pr/n-C17) ratios (Fig. 3.7), although all these parameters 
depend on redox conditions. This may be due to the fact that a small contribution of 
terrestrial organic matter can lead to strongly decreasing (Ph/n-C18)/(Pr/n-C17) ratios without 
significantly affecting TS and HI values. A slightly better correlation is given for TS/Corg 
versus HI (mg/ g Corg), where higher HI as well as higher TS values might indicate a better 
preservation of the OM due to oxygen depleted waters (Fig. 3.8a). The correlation is, 
however, much better for TS versus S2 values from Rock-Eval pyrolysis (Fig. 3.8b). 
Cenomanian/Turonian samples from onshore areas are similar to the samples investigated 
here with respect to gross composition, kerogen quantity and quality. Many of these samples 
are limited in iron content and have “excess sulphur”, indicating that not all sulphur can be 
fixed in iron suphides, but that some sulphur is bound to organic matter (Fig. 3.1). This is 
probably also true for the samples from Tarfaya Sondage No. 2 investigated here. In any 
case all of the sulphur is attributed to early diagenetic processes, in particular bacterial 
sulphate reduction. 
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Figure 3.8. Correlations of anoxic parameters (a) TS/Corg ratio versus HI (mg/g Corg) and (b) TS (%) 
versus S2 (mg/g rock) for Late Turonian, Coniacian and Santonian. 
 
TS/Corg ratios are not uniform within the well, but there are some depth levels, where quite 
high ratios occur indicating completely anoxic bottom waters and sulphate reduction already 
in the water column, not only in the sediments (Fig. 3.9). This holds especially true for the 
lowermost 10 meters of the well, where highest ratios occur. Furthermore, some authors (i.e. 
Williams, 1984) suggest that bisnorhopane originates from a sulfur-oxidizing bacterium which 
lives in environments with supply of H2S which argues for a strongly oxygen-depleted bottom 
water environment. Thus, the presence of bisnorhopanes in the sample set might indicate 
oxygen-deficient or anoxic bottom waters during deposition. In particular the high abundance 
of C28 17(H)21(H)-28,30-bisnorhopane in all samples is believed to be an indicator for 
chemoautotrophic bacteria that grew at the oxic-anoxic interface (Nytoft et al., 2000). Mello et 
al. (1990) described this compound for sediments deposited under highly reducing to anoxic, 
sulphur-rich depositional conditions and Katz and Elrod (1983) observed it in bacterial mats 
in areas of upwelling. The occurrence of neohop-13(18)-ene is typical of OM rich sediments 
(Greiner et al., 1977) deposited under waters where bacteria were dwelling at or below a 
chemocline. Their occurrence may therefore be used as indicator of water bodies which were 
stratified in the past. 
Based on the relationship between Corg and TS, the original sediment composition before 
sulphate reduction (silicate, original OM, carbonate) was calculated in order to visualize the 
relationship between these three major sedimentary components (Littke, 1993; Sachse et al., 
2011) (Fig. 3.10). Sediment composition reveals an increase of OM with an increase of 
silicate, which is probably due to advanced nutrient supply in an otherwise carbonate 
dominated system. Thus, advanced productivity may be an explanation for high contents of 
OM. 
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Figure 3.9. Correlation of TS/Corg versus depth: indications of varying O2 contents during 
deposition of Late Turonian, Coniacian and Santonian sediments. 
 
 
 
 
Figure 3.10. Original sediment compositions of Late Cretaceous 
(Late Turonian, Coniacian and Santonian) samples of Tarfaya 
Sondage No 2. 
 
 
 
The microscopic observation of mainly alginite and liptodetrite in the samples indicate a 
marine depositional environment, with only minor contribution of land-derived plant material, 
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as represented by few vitrinite and inertinite particles in the samples. Further parameters 
which point to a marine, oxygen-depleted, but not completely anoxic depositional 
environment are the low concentrations of hopanes in the samples, indicating a very small 
contribution of bacteria, or a bad preservation of the precursor bacteriohopanetetrol. The 
small amount of homohopanes in a few samples, also suggests that anoxic conditions did 
not occur during deposition, but suboxic to dysoxic bottom water may have existed (Peters 
and Moldowan, 1991; Tyson and Pearson, 1991). 
Short chain n-alkanes (< C20) are typical for the Late Turonian, Coniacian and Santonian 
samples, and point to algae or phytoplankton sources. Due to low maturity a cracking of long 
chain hydrocarbons can be excluded here. Together with the low contribution of terrestrial 
particles (vitrinite and inertinite), this observation suggests that only very little land plant 
material was deposited. Another parameter is the Pr/Ph ratio which is very low in the 
samples, which is typical for aquatic, reducing depositional environments. Pristane and 
Phytane stem to a great extent from the phytol side chain of chlorophyll-a of photosynthetic 
algae (phytoplankton), although other sources are known as well. In summary, the high 
abundance of algae/phytoplankton derived liptinite, the high ratio of short chain over long 
chain n-alkanes and the high concentration of isoalkanes pristine and phytane indicate 
phytoplankton (algae as primary source of organic matter. 
This source of the kerogen is further supported by the abundance of steranes and high 
sterane/hopane ratios as well as dominance of C28 steranes (Fig. 3.11), most probably 
derived from various types of marine algae. C28 sterols are often associated with chlorophyll-
c containing phytoplankton, whereas dinosteranes derive mainly from dinoflagellates (de 
Leeuw et al., 1983) and present therefore a marine environment. The source of 4-methyl 
steroids is mostly algal in origin (de Leeuw et al., 1983) and was found in marine and 
freshwater environments. The abundance of C27-C29 desmethyl steranes, 4-methyl steroids 
and dinosteranes indicates therefore authochtonous phytoplankton (including dinoflagellates) 
with a very minor contribution of bacteria. The occurrence of C34 botryococcane in the deeper 
samples only points to a higher contribution of freshwater microalgae (Botryococcus Braunii). 
Some of the geochemical features which are characteristic for the samples investigated in 
this study are well known from other source rocks- often accompanied with OAEs worldwide. 
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Figure 3.11. Relative composition of C27, C28 and C29 steranes in 
Late Turonian, Coniacian and Santonian samples of Tarfaya 
Sondage No 2. 
 
 
Hopanes as only minor components were also described by i.e. Kolonic et al. (2002) for 
black shales of Cenomanian-Turonian boundary (CTB) from northwestern Africa (Tarfaya 
Basin) and for a section (Cenomanian-Turonian) of Central Jordan (Seplveda et al., 2009), 
where they were assigned as part of an OAE, representing maximum phases of 
transgression. The occurrence of bisnorhopane was also described from Kolonic et al. (2002) 
and Sachse et al. (2011) for other sediments of the Tarfaya region accompanied with 
upwelling regimes in shelfal areas and representing oxygen depleted conditions. Moldowan 
et al. (1985) described C27-C29 desmethyl steranes, 4-methyl steroids and dinosteranes as 
components in transgressive shales, which attest to dinoflagellates (i.e. Dias-Brito, 2000; 
Wendler et al., 2009), being abundant in the neritic-oceanic zone and indicating 
transgression of open marine water, maybe upwelling-induced eutrophic conditions. An input 
from dinoflagellates was also described by Kolonic et al. (2002) for Cenomanian/Turonian 
sediments of the Tarfaya Basin. 
In summary, Late Cretaceous black shales of the investigated section contain abundant 
marine derived OM with prominent phytoplankton derived steroids, reflecting high 
productivity and/or good preservation of the OM, with features which point to an upwelling 
system with a variable oxygen minimum zone. The differences to the Santonian samples 
described in Sachse et al. (2011) may depend on the different localities of sampling. The well 
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samples are closer to the (recent) continental margin of the Tarfaya Basin, whereas the 
outcrop samples were selected further inland. Thus, a variation in organic matter type can be 
expected. However, the geochemical data matches very well with those which were 
published in Sachse et al. (2011) for Coniacian, Cenomanian and Turonian samples in the 
Tarfaya Basin further onshore. 
 
3.6.2. Petroleum potential and maturity 
 
Rock-Eval data indicate a very high petroleum generation potential of this 200 m thick 
sequence as revealed by HI values between about 400 and 900 (Table 3.1). There is some 
variability in these values, but in almost all cases, kerogen can be classified as type I. HI 
values do not correlate with Corg contents. The higher HI values may reflect better 
preservation of the OM. Another explanation would be a smaller contribution of land derived 
OM; however in case of the Santonian samples, land plant material is generally very rare. 
According to the method of Blanc-Valleron and Langford (1990) using a plot of Corg vs. S2, 
the OM in all Late Cretaceous samples is mainly allocated to oil-prone Type I kerogen, with 
only two outlier samples that plotted between the trend lines for Type I and Type II kerogen. 
The latter two samples are from the lower part of the well, where HI values seem to scatter 
more than in the upper part. Incident light microscopy indicates a high abundance of algal 
material as well as very rare vitrinite particles, consistent with a Type I classification. 
The Rock-Eval maturity indicators Tmax and PI show an overall immature stage for the Late 
Cretacous samples with respect to oil generation. This data is consistent with vitrinite 
reflectance measurement which revealed immature OM, supported by the observation of 
abundant, brightly fluorescing particles (Fig. 3.4). Values of the OEP support the above 
conclusion about immature OM. This is also consistent with the Pr/n-C17 and Ph/n-C18 
values, which are generally dominated by Pr and Ph, especially Ph. 
Steranes occurrence and the exploitable hopane ratios support the latter assumption: The 
presence of 17(H),21(H) hopanes, although in very few samples, indicates the presence of 
immature OM. This is also supported by the 30-norhopane/hopane ratio, which increases 
with thermal maturity to values greater than 1.0. Here, the ratio is > 0.6 but lower than 1.0 
and thus argues for an immature OM. C28 17(H)21(H)-28,30-bisnorhopane is known to 
occur in many immature sediments (Nytoft et al., 2000) such as in immature Kimmeridge 
(Peters et al., 2005); its presence in the Late Cretaceous thus supports the previous 
conclusions on immature kerogen. Maturity information based on sterane isomerization 
(C2920S/C29 (20S+20R)) also indicates immature OM (Peters et al., 2005; (Fig. 3.12)), 
although there is surprisingly large scatter. The presence of rearranged C27-C29 diaster-
13(17)-enes and C27-C29 4-methyl steranes in the sample set supports the immature nature 
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of the organic matter. For example, Rubinstein and Albrecht (1975) identified 4-
methylsteranes in immature shales in the Toarcian in the Paris Basin. 
 
 
 
Figure 3.12. 20S/(20S+20R) of steranes plotted vs. VRr for Coniacian and 
Late Turonian well samples. 
 
3.7. Conclusions 
 
The high Corg content of the Late Cretaceous and especially in the Late Turonian samples as 
well as the type of organic matter characterize this thick stratigraphic unit as potential 
petroleum source rock and also as a potential oil shale. This is conforming to data from 
further onshore within the Tarfaya basin, where Late Cretaceous samples from outcrops 
have also a moderate to high petroleum generation potential. Probably the occurrence of this 
sequence is restricted to a small area along the coast, where ideal conditions for organic 
matter accumulation and preservation have definitely existed during Late Cretaceous times. 
Such ideal conditions occurred ocean-wide during Cenomanian/Turonian times, but were 
regionally restricted during the late Cretaceous intervals. We assume a combination of 
restricted water circulation and high productivity as ultimate cause for the deposition of 
organic matter-rich sapropels. Due to the fact that little terrestrial organic matter is present, 
nutrients were probably not predominantly derived from riverine input, but related to 
upwelling of nutrient-rich oceanic waters, similarly to the present-day situation. 
Source specific biomarkers obtained from the organic matter-rich Late Turonian, Coniacian 
and Santonian sediments in the Tarfaya Basin indicate the presence of immature, marine-
derived organic matter which stems mainly from phytoplankton, including dinoflagellates. 
Terrestrial input was apparently very low. Redox parameters such as homohopane index and 
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Pr/Ph ratios indicate the presence of oxygen-depleted waters, but there is no unambiguous 
information whether the bottom water was permanently anoxic or just oxygen-deficient. For 
example, in contrast to Pr/n-C17 and Ph/n-C18 ratios, TS/ Corg ratios do not indicate an anoxic 
water column for most of the Late Cretaceous sequence. Furthermore, isorenieratane is 
below detection limit in all stratigraphic intervals which does not indicate water stratification 
and completely anoxic bottom waters. Thus high bioproductivity related to upwelling might 
indeed be a probable scenario for deposition of these shales. 
With respect to the economic importance of these Late Turonian, Coniacian and Santonian 
deposits, deeper burial of this sequence would be a prerequisite for a conventional petroleum 
system. However, towards the offshore areas, seismic sections do not indicate such deep 
burial of the Late Cretaceous and further towards the onshore areas, kerogen quality (with 
respect to petroleum generation) gets clearly worse. However, the sequences of the Late 
Cretaceous may be regarded as a potential unconventional petroleum source due to its 
thickness, organic richness and oil-proneness. 
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3.9. Tables 
 
Table 3.1. Overview of Rock-Eval pyrolysis data for samples of well Tarfaya Sondage No.2. 
 
Sample Depth (m) 
Corg 
(%) 
S1 
(mgHC/g 
rock) 
S2 
(mgHC/g 
rock) 
Tmax 
(°C) 
HI 
(mg/g Corg) 
PI 
(S1/ 
S1+S2) 
1288 60.22-60.24 7.44 3.97 55.57 407 747 0.07 
1262 76.905-76.945 8.59 4.74 65.82 401 766 0.07 
1123 91.02-91.04 3.67 1.46 28.49 415 776 0.05 
1263 100.32-100.34 3.18 1.13 24.73 408 777 0.04 
1198 103.42-103.44 2.77 0.8 17.86 414 856 0.04 
1144 112.72-112.74 2.20 0.75 18.42 416 416 0.04 
1140 122.02-122.04 0.99 0.26 7.34 423 744 0.03 
1252 135.063-125.103 1.11 0.13 8.32 421 748 0.02 
1267 137.208-137.248 1.26 0.22 9.26 411 733 0.02 
1207 138.09-138.13 8.98 3.38 67.96 415 757 0.05 
1163 138.62-138.66 10.45 3.4 72.3 409 692 0.04 
1177 139.37-139.41 11.57 4.55 87.19 410 754 0.05 
1214 142.535-142.575 8.35 2.22 64.05 415 768 0.03 
1235 144.25-144.29 7.97 1.8 35.95 410 451 0.05 
1287 145.08-145.12 5.04 1.54 39.01 411 774 0.04 
3. Late Cretaceous (Late Turonian, Coniacian and Santonian) petroleum source rocks as part of an OAE, Tarfaya Basin, Morocco 
  72 
 
1299 152.52-152.54 4.27 1.61 34.43 415 806 0.04 
1159 170.52-170.54 7.54 3.33 56.53 405 750 0.06 
1258 173.52-173.54 16.14 4.24 94.95 415 588 0.04 
1242 190.45-190.49 4.60 1.56 36.14 414 786 0.04 
1186 192.96-193 7.46 2.1 50.29 410 675 0.04 
1277 194.63-194.67 3.75 4.24 94.95 415 776 0.03 
1209 195.745-195.785 6.96 1.71 49.39 406 710 0.03 
1305 196.155-196.195 4.36 1.27 32.71 414 751 0.04 
1282 197.285-197.325 1.59 0.28 15.17 420 956 0.02 
1251 197.87-197.91 2.47 0.44 16.64 413 673 0.03 
1170 198.695-198.735 2.51 0.37 18.02 414 692 0.04 
1245 198.865-198.905 6.65 0.55 22.48 415 338 0.02 
1311 199.98-200.02 4.21 1.06 32.12 414 763 0.03 
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4. Organic geochemistry and petrology of Lower Jurassic 
petroleum source rocks from Aït Moussa, Middle Atlas, Morocco 
 
Keywords: Middle Atlas, Morocco, Jurassic, Pliensbachian, kerogen type, biological marker, 
thermal maturity, petroleum generation, depositional environment, bulk kinetics, 1D 
modelling. 
 
4.1. Abstract 
 
Organic-rich marls and limestones (Pliensbachian to earliest Toarcian) exposed at At 
Moussa in Boulemane Province are the only known example of an effective petroleum 
source rock in the Middle Atlas of Morocco. In this study, petrological and organic-
geochemical analyses (vitrinite reflectance measurements, Rock-Eval pyrolysis, GC-MS) 
were carried out in order to investigate the maturity, quality and quantity of the organic matter 
and the depositional environment of the source rocks. Results indicate the presence of Type 
I/II kerogen which was deposited under marine conditions with an input of predominantly 
algal-derived organic matter. The presence of woody particles indicates minor input of 
terrestrial material. Organic-geochemical and biomarker analyses are consistent with 
deposition of carbonate-rich sediments under oxygen-depleted conditions. 
In terms of thermal maturity, the sediments have reached the oil window but not peak oil 
generation. Petroleum generation and migration is indicated by organic geochemical and 
microscopic evidence. 
Kinetic parameters derived from an investigation of petroleum generation characteristics 
show that the kerogen decomposes within a narrow temperature interval due to the fairly 
homogenous structure of the algal-derived organic matter. The kinetic parameters together 
with vitrinite reflectance data were used to construct a 1D model which was intended to 
simulate the burial-, thermal- and maturity history of the Aït Moussa area and to identify the 
timing of petroleum generation. 
 
4.2. Introduction 
 
In Morocco proven petroleum systems occur in the Essaouria Basin, Prerif Basin and Rharb 
Basin (Morabet et al., 1998). An essential part of every petroleum system is a source rock of 
good kerogen quality and decent maturity. Potential source rocks are of Silurian (eastern 
Essaouira), Liassic (Prerif), Oxfordian (western Essaouira) and Cretaceous (well Ain Hamra, 
north of Rharb Basin) ages (Morabet et al., 1998). Miocene source rocks occur in the Rharb 
Basin (Morabet et al., 1998). 
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The oil shows at Cap Juby in the offshore Tarfaya Basin, and in the Guettata wells in the 
onshore Essaouira Basin, are of uncertain origin but a Jurassic (Toarcian) carbonate source 
rock has been suggested (Morabet et al., 1998). Toarcian source rocks with Corg up to 8% 
have been drilled in well DSDP-547, offshore Morocco, and have been sampled from 
outcrops at Fuerteventura in the Canary Islands (Hafid, 2008). 
In contrast to the above mentioned basins in Morocco petroleum systems of the Atlas rift 
basin are little understood. With respect to potential source rocks in that basin the area 
around Aït Moussa is a key location. There an outcrop of Pliensbachian-age dark limestones 
and marls has, based on previous studies revealed the occurrence of potential source rocks. 
Assaoud (1994) characterized their kerogen quality as of type II and of oil window maturity. 
Rachidi et al. (2009) reconstructed the carbonate diagenesis history of these strata and 
related it, based on microscopic observations to the evolution of petroleum generation and 
migration processes. 
However, it was obvious that more detailed geochemical data would be needed in order to 
fully assess the petroleum potential of this Pliensbachian source rock and its maturation 
history. 
The objective of the present study is therefore to characterize the depositional environment 
with respect to type of organic matter input and conditions of preservation as well as to 
reconstruct the evolution of petroleum generation and migration processes during its burial 
history. In combination with the determination of the kinetic parameters a numerical 1D 
simulation of its burial-, thermal-, and maturity history was carried out in order to assess 
timing and duration of petroleum generation. 
 
4.3. Geological background 
 
The area of Aït Moussa (Fig. 4.1A, B) is part of an Atlas rift basin, which recorded two main 
phases of crustal extension. A first one in Triassic to early Liassic with deposition of 
evaporites and basalts (Mattis, 1977; Warme, 1989) and a second phase in the Early 
Jurassic with deposition of shallow- and deep-water argillaceous limestones, shallow- and 
deep-water carbonate build ups as well as platform carbonates (Neuweiler et al., 2001; 
Wilmsen and Neuweiler, 2008). Accumulation of Jurassic sediments occured presumbly in 
depocenter troughs with a total thickness of 3 to 9 km and high thermal fluxes (Fedan, 1989) 
as well as with an increase of Corg (organic carbon) to the basin centre of the strata deposited 
(Morabet et al., 1998). This connotes a high source potential index in the Atlas rift basins and 
potential carbonate reservoir rocks (Demaison and Huizinga, 1991), which are assumed to 
compose carbonate platforms as well as being deposited in deep water environment with 
sponge carbonate mounds (Neuweiler et al., 2001; Wilmsen and Neuweiler, 2008). During 
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the Pliensbachian and Toarcian, marine source rocks were deposited in the Tethyan realm in 
tectonic related sub-basins which were bounded by structural highs (Baudin et al., 1990; 
Fedan, 1989). Due to the widespread occurrence of these marine source rocks, a global-
scale depositional control has been suggested (i.e. Demaison, 1989; Farrimond et al., 1989, 
1994), possibly related to the occurrence of an extended oxygen minimum zone (Jenkyns, 
1985, 1988). 
 
 
Figure 4.1. Location, geological map and stratigraphic profile of the study area. (A) The area of study 
is located in Boulemane province between Boulemane city and Immouzer des Marmoucha. (B) The 
outcrop exhibits Lower Jurassic source rocks displaced by a north-south trending reverse fault (after 
Rachidi et al., 2009). (C) Stratigraphic profile of the Pliensbachian section (in meters) with sampling 
positions. 
 
Stratigraphic units in the Middle Atlas and Atlas Mountains (Fig. 4.1A) are well known based 
on data from exploration wells and seismic surveys. At the base of the stratigraphic column 
are Permian-Carboniferous sandstones, shales and conglomerates. Triassic deposits include 
evaporites as well as basalts. Slow subsidence occurred during the Early-Middle Liassic and 
slightly accelerated during the Domerian (Frizon de Lamotte et al., 2008). Deposition of 
marine carbonates began during the Early Liassic and continued until the Bajocian-
Bathonian (Fedan, 1989).Further phases of subsidence took place during the Toarcian and 
earliest Bajocian, and middle Bajocian to late Bathonian, initially under marine conditions but 
later in a continental environment with marine incursions (Frizon de Lamotte et al., 2008). 
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During the Late Cretaceous, maximizing during the Late Eocene to Pleistocene, compression 
regimes led to the inversion of the Middle Atlas Basin. Shallow water sediments indicate 
slight submerges during the Late Cretaceous-Middle Eocene (Missenard et al., 2006; Frizon 
de Lamotte et al., 2008). 
 
4.4. The Aït Moussa Outcrop 
 
The outcrop SE of the village of Aït Moussa consists of a 20 m thick sequence of rhythmically 
interbedded alternating dark marls, medium bedded argillaceous limestones and silty 
mudstones referred to the “Calcaires de l’Ouarirt” (Fig. 4.1C) and dated as Middle to Late 
Pliensbachian (Domerian) (Benzaquen et al., 1965; Assaoud, 1994). The outcropping 
succession consists of limestones in beds up to 40 cm thick and intercalated marls up to 20 
cm thick. The total accumulated thickness of the intervals with a petroleum source potential 
about 2.5 m (Rachidi et al., 2009). Some of the limestones are classified as microbioclastic 
wackestones with calcified spumellarian radiolaria and skeletal remains of echinoderms, 
gastropods, belemnites, ammonites and bryozoans (Rachidi et al., 2009). Assaoud (1994) 
reported different ammonites and concluded a late Pliensbachian age (Domerian). The 
rhythmic occurrence of dark marls and argillaceous limestones were described in Rachidi et 
al. (2009) as indicative for an oxic to suboxic depositional environment in water depth below 
storm wave base. Wilmsen and Neuweiler (2008) described the depositional rhythmicity as 
indication for changes in carbonate productivity in an adjacent shallow water depositional 
environment. First mineralogical and organo-geochemical investigations for the Aït Moussa 
locality and related areas in northern Morocco were made by Assaoud (1994), identifying the 
organic matter as mainly Type II kerogen (HI 200 to 500 mg HC/g Corg) and a maturity within 
the oil window (Tmax 441 to 451°C). Furthermore, Assaoud (1994) calculated based on 
petrophysical parameters (i.e. porosity, compaction rate) the subsidence of the area Aït 
Moussa, which not buried deeper than 2 km (Jurassic strata). Rachidi et al. (2009) used 
paragenetic analysis in combination with inorganic geochemistry and organic geochemistry 
to asses timing of source rock formation, diagenetic history and potential source rock-
reservoir relationship. Rachidi et al. (2009) identified four paragenetic domains of carbonate 
diagenesis for this source rock: depositional, shallow burial, deep burial and uplift-related. 
Shallow and deep burial diagenetic realms were distinguished on the basis of horizontal 
pressure dissolution features such as solution seams and sutured contacts; the deep burial 
and uplift-related realms were distinguished using inclined stylolites (Rachidi et al., 2009). 
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4.5. Material and methods 
 
Samples of Pliensbachian limestones, argillaceous limestones and marls were collected by 
M. Rachidi and F. Neuweiler (Université Laval, Quebec, Canada) from the outcrop located 
SE of Aït Moussa village (Fig. 4.1B). In total 22 samples were studied, of which 14 were 
limestones, four argillaceous limestones and four marls. Characterization of the lithology was 
done macroscopically and microscopically, using thin sections, and following the lithology 
assignment used in Rachidi et al. (2009). All samples were measured for Corg and based on 
elevated Corg contents (> 0.4 %), thirteen samples were selected for petrological and 
geochemical investigations. 
Total inorganic carbon (Cinorg) and total organic carbon (Corg) were measured with a LECO 
RC-412 carbon analyzer based on IR absorption. Total carbon (Ctotal) concentrations were 
calculated by Ctotal = Cinorg + Corg. CaCO3 percentages were calculated using CaCO3 = Cinorg * 
8.333 (Littke et al. (1995)). Total sulphur concentrations (TS) were measured using a Leco S 
200 analyzer. 
Rock-Eval analysis (Espitalié et al., 1985) was performed with a DELSI INC Rock-Eval II 
instrument on the 13 samples with elevated Corg contents. Parameters calculated using 
include hydrogen index (HI = mg hydrocarbon (HC) equivalents per g Corg); oxygen index (OI 
= mg CO2 per g Corg); and Tmax (temperature of maximum pyrolysis yield). Plots of HI versus 
OI and S2 versus Corg were used for kerogen classification. 
Vitrinite reflectance (VRr) was measured on samples with Corg > 0.3 %. For microscope 
studies, samples were embedded in epoxy resin and a section perpendicular to bedding was 
polished following procedures described by Taylor et al. (1998). The polished blocks were 
studied with a magnification of 500 x under incident white light and in fluorescence mode in 
ultraviolet (UV) and violet light. As the maceral classification scheme used for coals (Taylor 
et al., 1998) is not suited for marine sediments, four groups of particles were differentiated: (i) 
vitrinite; (ii) inertinite and resedimented organic particles derived from mature to overmature 
rocks; (iii) structured marine material (liptinite: alginite and lamalginite); and (iv) mineral 
matter (e.g. pyrite) (c.f. Littke and Sachsenhofer, 1994). Allochthonous and autochthonous 
(resedimented) vitrinite were differentiated based on bimodal distribution of reflectance data, 
whereby the higher one were classified as resedimented vitrinite particles. Vitrinite 
reflectance measurements were performed using a Zeiss Axioplan incident light microscope 
at a wavelength () of 546 nm with Epiplan-NEOFLUAR 50x/0.85 oil objective. An yttrium 
aluminium garnet (YAG) standard was used, with a reflectance of 0.889 %Rr. For samples 
rich in vitrinite or solid bitumen particles, at least 50 measurements were made. Mean 
vitrinite reflectance and standard deviation values were calculated using DISKUS Fossil 
software (Technisches Büro Carl H. Hilgers). 
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Thirteen samples were selected for molecular organic geochemistry (GC/GC-MS), based on 
their Corg and Rock-Eval data. Analysis of non-aromatic hydrocarbons was carried out on 10 
g aliquots of each sample extracted with dichloromethane (DCM; 40 ml) and hexane (40 ml) 
using ultrasonic treatment. The extracts were fractionated by polarity chromatography into 
non-aromatic hydrocarbons (5 ml pentane), aromatic hydrocarbons (5 ml pentane/DCM 4:6) 
and heterocompounds (5 ml MeOH). 
GC of non-aromatic hydrocarbons was performed on a Fisons Instruments GC 8000 series 
ECD 850 equipped with an on-column injector, a Zebron ZB-1 HT Inferno fused silica 
capillary column (30 m x 0.25-mm i.d., film thickness 0.25 m) and a flame ionization 
detector (FID). Hydrogen was used as the carrier gas. The oven temperature was 
programmed from 80°C (held 3 min) to 300 °C (held 20 min) at 10 °C/min. 
For GC-MS, a Finnigan MAT 95SQ mass spectrometer was used coupled to a Hewlett 
Packard Series II 5890 gas chromatograph. The spectrometer was operated in electron 
ionization mode at ionization energy of 70 eV and a source temperature of 260 °C. The 
chromatograph was equipped with a splitless injector and a Zebron ZB-1 fused silica 
capillary column (30 m x 0.25 mm, film thickness 0.25 m). Helium was used as the carrier 
gas. The oven temperature was programmed from 80 to 310 °C (held 3 min) at 5 °C/min. The 
identification of biomarkers was based on full scan MS. 
Bulk kinetic parameters were determined at GFZ Potsdam for one sample (1065). The 
sample was analyzed by non-isothermal open system pyrolysis at four different heating rates 
(0.7, 2.0, 5.0 and 15 °C/min) using a Source Rock Analyzer© (Humble Instruments & 
Services, Inc.). The generated bulk petroleum formation curves served as inputs for a bulk 
kinetic model consisting of an activation energy distribution and a single pre-exponential 
factor. The pyrolysis products were transported to a FID in a constant He flow (50 ml/min). 
Low heating rates were used to avoid heat transfer problems that might influence the product 
evolution curves, and consequently the geological predictions (Schenk and Dieckmann, 
2004). The discrete activation energy distribution with a single frequency factor was 
determined using Kinetics 2000 software (Burnham et al., 1987). 
The thermal-, burial, and maturation history of the Aït Moussa area were modelled using 
PetroMod software (Schlumberger IES, Version 10). For the assessment of present-day heat 
flow, data from Rimi (1990) were used. For calculation of vitrinite reflectance as calibration 
parameter for heat flow during maximum burial (Senglaub et al., 2006), the Easy%Ro- 
algorithm after Sweeney and Burnham (1990) has been chosen, which is applicable for the 
range between 0.3 % and 4.6 % VRr. Bulk kinetic parameters measured were used to model 
hydrocarbon generation. 
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4.5.1. Elemental analyses 
 
Results of the elemental analyses are listed in Table 4.1. TS, Corg and other values are 
plotted in Figs. 4.2 and 4.3. 
The Pliensbachian samples from Aït Moussa show a wide variation in Corg content (Table 
4.1). Values range from limestone sample 1069 with a Corg content of 4.7%, to argillaceous 
limestones with Corg <0.1 %. Most samples have Corg contents between 1.1 and 3.9 %, with 
highest values for the argillaceous limestones (Fig. 4.3 A, B). 
CaCO3 was calculated to range from 52.9 to 94.7 %. CaCO3/ Corg ratios define a trend: with 
an increase of CaCO3 the Corg content decrease. Based on the carbonate content, the 
original differentiation between marls and argillaceous limestones as done by macroscopic 
and microscopic observations was not supported. 
The sulphur content (TS) of 12 samples ranged from 0.08 to 1.12 %. Moderate TS/Corg ratios 
(0.2- 0.5) are typical for nearly all Pliensbachian samples (Fig. 4.2). The highest sulphur 
content was measured for argillaceous limestone sample 1060, with a content of up to  
1.12 %. The sample (1069) with the highest Corg content, an argillaceous limestone, contains 
1.09 % sulphur. In general, limestones show the lowest contents of TS and Corg. 
 
 
Figure 4.2. TS and Corg content of Pliensbachian samples (interpretation according to Berner, 
1984). 
 
 
4.5.2. Rock-Eval Pyrolysis 
 
Rock-Eval pyrolysis data indicated a wide variation of HI values (Table 4.2; Fig. 4.3D, E) 
ranging from 202 to 656 mg HC/g Corg, with a mean value of 450 mg HC/g Corg (Fig. 4.3D). OI 
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values range from 8 to 121 mg CO2/ g Corg, with a mean value of 44 mg CO2/ g Corg. Tmax 
values vary between 431 and 440 °C and PI values range from 0.09 to 0.52. All S2 values are 
greater than 0.95 mg HC/g Corg, so that Tmax values should be reliable (Peters, 1986) (Fig. 
4.3C). Generally, Tmax values should be rejected if the respective S2 values are smaller than 
0.5 mg HC/ g rock. Most samples have S2 values in the range 4 to 20 mg HC/g Corg; 
exceptional samples have S2 of 0.95 mg HC/g Corg and 30.9 mg HC/g Corg, respectively 
(Table 4.2). 
 

  
Figure 4.3. Bulk geochemical data of Pliensbachian samples. (A) Corg vs. carbonate contents. (B) 
Corg contents of different lithologies. (C) Rock-Eval S2 vs. Corg data. (D) Rock-Eval HI and OI values. 
(E) Rock-Eval HI and Tmax. (F) Tmax values and maturity parameters VRr and Tmax. 


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4.5.3. Organic petrography 
 
The samples contain variable percentages of liptinite, vitrinite and inertinite (Table 4.3). In all 
samples, the number of autochthonous vitrinite particles is small relative to inertinite and 
resedimented vitrinite. Samples which are rich in Corg are characterized by abundant liptinite 
which occurs as elongated streaks of alginite (Fig. 4.4). Alginite is distributed homogeneously 
(Fig. 4.4A) and there were no indications of layering. 
Most samples contain abundant pyrite. In dark-coloured, Corg-rich sediments, pyrite appears 
to be fresh, and most sulphur is present as pyrite in these samples. The presence of fresh 
pyrite indicates that the organic matter has not been affected by weathering (c.f. Littke et al., 
1991b). In the argillaceous limestones, some of the pyrite shows indications of weathering 
(red oxidation colour) and is often associated with dedolomite. 
Differentiation of the maceral groups revealed a varying content of alginite with respect to 
vitrinite and inertinite. Highest amounts of alginite were measured in the argillaceous 
limestones with values up to 90 % (Fig. 4.5A; Table 4.3). Limestones show a higher relative 
contribution of vitrinite, resedimented vitrinite and inertinite with values of 25 to 42 % and 6 to 
15 %, respectively. The amount of alginite is lower in limestones than in argillaceous 
limestones with values of about 50 %. Marls contained higher amounts of alginite compared 
to limestones, but lower amounts of alginite than argillaceous limestones (Fig. 4.5A). The 
proportion of alginite in marls varies between 49 and 71% (Fig. 4.5A; Table 4.3). 
Vitrinite particles are more dominant in the limestones and marls than in the argillaceous 
limestones sediments (Fig. 4.4E) and are present in proportions of 42 %, respectively 27%. 
However, the vitrinite particles in the marls show a larger grain size. Vitrinite reflectance 
measurements showed values between 0.5 and 0.66 %VRr (Table 4.1; Fig. 4.3F). These 
data were consistent with fluorescence observations. Brightly fluorescing lamalginite was 
observed in all samples (Fig. 4.4A), together with terrestrial plant material such as cutinite 
(Fig. 4.4D). 
Silty marls locally show (in thin and polished sections) some small non-continuous fractures 
partly filled by solid bitumen (Fig. 4.4C). Solid bitumen occurs at fracture margins while the 
remaining fracture is filled by late calcite cement as well as large pyrite crystals (Fig. 4.4B). 
The calcite cement in fractures incorporates abundant fluorescing fluid inclusions which had 
a yellow to orange colour under fluorescence indicating the presence of oil (Fig. 4.4B, F). 
Silty marls locally show (in thin and polished sections) some small non-continuous fractures 
partly filled by solid bitumen (Fig. 4.4C). Solid bitumen occurs at fracture margins while the 
remaining fracture is filled by late calcite cement as well as large pyrite crystals (Fig. 4.4B). 
The calcite cement in fractures incorporates abundant fluorescing fluid inclusions which had 
a yellow to orange colour under fluorescence indicating the presence of oil (Fig. 4.4B, F). 
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Figure 4.4. Microscopic observations in incident light fluorescence mode (A, B, C, D, F) and reflected 
white light (E). (A) Alginite in the sedimentary matrix of the silty marls displaying brightly yellow 
fluorescence (sample 1069). (B) Calcite cement incorporates abundant fluorescent inclusions and is 
partially replaced by pyrite (sample 1069). (C) Bitumen with orange to brownish fluorescence at the 
border of a small fracture; the residual porosity is filled by calcite cement (sample 1069). (D) Cutinite 
of terrestrial land plant (leave) with a bright yellow fluorescence (sample 1065). (E) Vitrinite within the 
sedimentary matrix (sample 1065). (F) Fluid inclusions with yellow to orange fluorescence in late 
calcite cement (sample 1069). Each picture represents 200 x 200 m. 
 
 

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Figure 4.5. Petrographical results compared to Rock-Eval HI values (A) Amount of liptinites (in 
%) in the lithologies. (B) Rock-Eval HI values vs. amount of liptinite. (C) Distribution of HI and 
(D) PI values for investigated lithologies. (D) Arrows delineate range of PI values characteristic 
for indigenous petroleum in marine source rocks within the liquid window (Espitalié, 1986). 
Lower and higher PI values indicate expulsion of petroleum, and impregnation by migrated 
petroleum, respectively. 
 
4.5.4. Molecular organic geochemistry 
n-and iso-alkanes 
 
Biomarker concentration ratios were used for the characterization of the depositional 
environment and to assess the maturity of potential source rocks. Molecular organic 
geochemistry focused on the distribution of n- and iso-alkanes as well as cyclic hydrocarbons 
(Tables 4.4, 4.5). 
The Pliensbachian samples contain n-alkanes in the range n-C12 to n-C31, with a dominance 
of short-chain n-alkanes (n-C15 to n-C19) relative to long chain n-alkanes (n-C27 to n-C31) (Fig. 
4.6). The ratio of n-C17 / n-C27 is in all samples >1. The abundance of pristane (Pr) and 
phytane (Ph) is moderate to high with a weak dominance of pristane. The ratios of Pr/n-C17 
and Ph/n-C18 range from 0.4 and 0.85 for all samples with one exception (Fig. 4.7; Table 
4.5). Odd- over- even predominance (OEP) revealed values (Scalan and Smith, 1970) in a 
range between 1.03 and 1.17. Ten Haven et al. (1989) used (n-C22 + n-C24/n-C21 + n-C23) as 
a facies parameter, which for the Pliensbachian samples ranged between 0.9 and 1.06 
(Table 4.5). 
 
 
Figure 4.6. N-alkane distribution patterns for the Pliensbachian samples. 
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Figure 4.7 Pr/n-C17 vs. Ph/n-C18 for selected Pliensbachian samples (Interpretation scheme 
according to Shanmungam, 1985).  
 
 
Hopanes, Steranes and Diasteranes 
 
Source rock maturity can be assessed in terms of the progress of isomerisation reactions as 
thermally-unstable isomers of biological origin are transformed into more stable isomers. 
Biomarker analyses focused on tri- and pentacyclic terpanes (m/z- 191), steranes (m/z- 217 
and 218) and diasteranes (m/z- 259), based on measurements of peak areas. 
 
 
Figure 4.8. Characteristic hopane distribution (A) and sterane distribution (B) for a representative 
Pliensbachian sample (1072) (see Table 4.4 for identification). 
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Terpane identification is given in Table 4.4; a characteristic chromatogram is plotted in Fig. 
4.8A. Table 4.5 presents hopane ratios concerning maturity and depositional environment of 
the OM. Tricyclic terpanes in the range C20 to C28 are nearly absent from all samples or are 
below the detection limit. Pentacyclic terpanes which belong to the hopane series, including 
molecules from C27 to C35, are dominated by C30 hopane, C29 norhopane and C31 to C35 
hopanes. Ratios of Ts to the sum of Ts (18(H)-22,29,30 Trisnorhopane) and Tm (17(H)-
22,29,30 Trisnorhopane) had values in the range 0.55 to 0.65 (Table 4.5; Fig. 4.10A). The 
22S/(22S+22R) homohopane isomerization ratio ranged from 0.4 to 0.6 (Fig. 4.10B). The C29 
17-norhopane / C30 17-hopane ratio, had values between 0.4 and 0.6. 
Sterane assignments are presented in Table 4.4, and a characteristic chromatogram is 
shown in Fig. 4.8B. Table 4.5 summarizes sterane ratios. Steranes are dominated by C28 
regular steranes (Figs. 4.8, 4.9), especially the 20R and 20S epimers. The 
20S/(20S+20R) ratio is 0.4 -- 0.7 (Fig. 4.10C). 20S/(20S+20R) ratios for 13,17(H)-
diasteranes are in the range 0.5 to 0.68 (Table 4.5). The ratio of diasteranes/regular steranes 
is highly variable with values between 0.3 and 2.2 (Table 4.5). Moderate concentrations of 
(20R)-24-ethyl-5(H)14(H)17(H) cholestane occur in all samples, but (20S)-24-ethyl-
5(H)14(H)17(H) cholestane and (20S+20R)-24-ethyl-5(H)14(H)17(H) cholestane are 
also present. The ratios of C 29 (/(+)) steranes range between 0.2 and 0.5 (Fig. 
4.10D). 
 
 
Figure 4.9. Relative composition of C27, C28 and C29 steranes in Pliensbachian 
samples showing the relative abundance of C28 and C29 indicating 
phytoplankton as the main source of the OM. 
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Figure 4.10. Biomarker maturity ratios plotted versus Tmax values: (A) Ts/Ts+Tm of hopane series. (B) 
The 22S/(22S+22R) ratio. (C) 20S/(20S + 20R) of steranes and (D) maturity plot based on steranes for 
Pliensbachian samples. See text and Table 4.5 for biomarker parameters, interpretation after Peters et 
al., 2005. 
 
4.5.5. 1D modelling 
 
A 1D model for the Aït Moussa area was constructed and shows the burial history since the 
Triassic (Fig. 4.11A). The model is consistent with the geological history described by Fedan 
(1989) and Assaoud (1994). Measured vitrinite reflectance values reflect maximum 
temperatures during burial and were used for model calibration (Fig. 4.11B). At the end of the 
Late Jurassic (approx. 150 Ma), the base-Pliensbachian reached a depth of about 2600 m, a 
temperature of 100 °C (Fig. 4.11D), and a maturity of 0.5 %VRr (Fig. 4.11E). Over the next 
100 Ma, the rocks were further buried; deepest burial was reached in the Late Eocene (40 
Ma) with a depth of 3200 m for the basal Lower Jurassic layer. Since the Late Eocene, 
compression and related uplift has exhumed the basal Lower Jurassic to some 1800 m 
above sea level, implying an average uplift rate of about 1000 m per 10 Ma. Highest 
temperatures for the Lower Jurassic were reached during the Late Eocene (43 Ma), and 
were up to 130 °C. Due to the regional uplift, temperatures decreased in the Lower Jurassic 
rocks to a present-day value of about 30°C. 
The maturity trend shows an increase from the Jurassic to the Late Eocene (0.7 %VRr) and 
no change thereafter. The heat flow history for the Lower Jurassic interval (Fig. 4.11C)  
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Figure 4.11. 1 D model of the area of Aït Moussa. (A) Burial history. (B) Measured 
(dots) and calculated (line) vitrinite reflectance of Aït Moussa. (C) Heat flow (mW/m²) 
history. (D) Temperature history. (E) Maturity history. (F) Bulk generation rate and 
history. 
 
 
shows highest values for the Triassic/Early Jurassic (206-190 Ma) decreasing to about 47 
mW/m² until the Middle Jurassic. Deposition of Cretaceous and Lower Paleogene sediments 
led to a slight increase of heat flow to 48 mW/m². It should be noted that heat flow is only well 
calibrated for times of maximum burial; however much higher heat flows can be excluded for 
the Late Jurassic to Eocene period due to inversion processes in the area. 
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4.5.6. Bulk kinetics 
 
In accordance with other maturity parameters (Tmax measured from Rock-Eval pyrolysis, 
vitrinite reflectance, and biomarker analysis), the OM of sample (1065) was classified as 
thermally at on early mature stage and containing Type I to Type II kerogen. Measured 
pyrolysis product generation curves were used to calculate the kinetic parameter data set, 
which comprise discrete activation energy distribution for first order reactions with Arrhenius-
type temperature dependence using a single pre-exponetial (frequency) factor. The 
activation energy distribution is characterized by a narrow distribution, typical of Type I and II 
kerogen, and indicating a relatively homogeneous OM assemblage (Fig. 4.12C) (Burnham et 
al., 1987; Espitalié et al., 1988; Reynolds and Burnham, 1995; Dessort et al., 1997). The 
mean activation energy of the Pliensbachian sample ranges between 55 and 63 kcal/mol 
with a frequency factor of 3.74E+14/sec. 
 
 
 
Figure 4.12. Bulk kinetics parameters for a representative sample (1065). (A) Calculated predictions of 
kerogen transformation ratio (thick black line) vs. temperature for a geological heating rate of 3 °C/Ma 
and calculated vitrinite reflectance (thin black line). (B) Calculated generation rate (normalized in %; 
thick black line) vs. temperature for a geological heating rate of 3 °C/Ma and calculated vitrinite 
reflectance (thin black line). (C) Activation energy distributions (kcal/mol) and frequency factors (1/sec) 
of source rock sample. 
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Using these bulk kinetic parameters, the evolution of vitrinite reflectance, generation rates 
and transformation ratios (temperature and timing of petroleum generation) were calculated 
for a heating rate of 3°C/Ma (Fig. 4.12A, B). This heating rate corresponds to an average 
value for sedimentary basins (Schenk and Dieckmann, 2004). Petroleum generation takes 
place in a temperature interval between 138 and 180°C, with peak oil generation at 152°C. 
This is in general consistent with published data (Espitalié et al., 1988) for example of Type II 
kerogen from the Kimmeridge Clay, North Sea. 
Due to the advanced maturity of the OM, some of the hydrocarbon generation potential has 
already been realized. The results in terms of temperature versus generation rate with 
calculated vitrinite reflectance curves for the Pliensbachian sample are presented in Fig. 
4.12B, together with data for the onset of petroleum generation (10% TR) and peak 
generation (geological Tmax) temperature (Fig. 4.12A). 
 
4.6. Discussion 
 
4.6.1. Petroleum potential and maturity 
 
Kerogen in the Pliensbachian At Moussa samples was classified as Type II or transitional 
Type II-I (Fig. 2C, D, E; Espitalié et al. (1985) and Peters (1986)). The variability in S2, HI and 
OI values may have been caused by the presence of resedimented organic particles (in 
samples with S2 less than 5 mg HC/g Corg) and/or the moderate quality of amorphous OM 
within the intervals of low-to-moderate Corg values. Similarly, the majority of the samples with 
higher HI values (>300 mg HC/g Corg: Fig. 4.5B) may reflect the better preservation of 
marine-derived amorphous OM or a smaller percentage of terrestrial or inert OM (Farrimond 
et al., 1989). Incident light microscopy results indicate the predominance of algal material in 
all samples and in minor appearance resedimented OM, whereas autochthonous vitrinite is 
scarce. The abundance of liptinite, especially in the argillaceous limestones may explain the 
high HI values (Fig. 4.5B), which are typical of a good to excellent source rock. A decrease of 
liptinite percentage in the samples also causes a decrease of the HI values (Fig. 4.5C). Thus, 
the HI values reflect the relative proportions of vitrinite, inertinite and liptinite in the samples. 
Tmax data in the range of 431- 440°C indicate an advanced maturity stage for the OM, prior 
to“peak oil generation”. Vitrinite reflectance values are in the range of 0.5 to 0.6 %VRr, 
whereas higher values might be attributed to resedimented OM (Taylor et al., 1998). These 
values also indicate “oil window” maturity and are consistent with the fluorescence 
observations: in all samples, the fluorescence of alginite was green-yellow, indicating an 
early mature stage. Furthermore, Pr/Ph ratios, n-alkane distribution patterns and OEP values 
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support the conclusion of mature OM (Figs. 4.6, 4.7; Table 4.5). Hopane ratios 
(22S/(22S+22R)) of nearly all samples are close to the thermal “equilibrium value” thus 
indicating that the oil window has been reached (Fig. 4.10B, C). The Ts/Tm ratio of the 
samples ranges between 0.55 and 0.67, indicating a mature stage of the OM. An advanced 
level of maturity is also confirmed by the C29 17- norhopane/ C30 17-hopane ratio. 
The C29diasterane/ C29sterane ratio (Table 4.5) showed variable values, many of which are 
typical for carbonate-rich rocks. The highest values indicate the advanced thermal maturity of 
the samples, especially since severe biodegradation (Seifert and Moldowan, 1979; Schwark 
and Empt, 2006) can be excluded. The C29 diasteranes, represented by the 20S/(20S+20R) 
ratio, suggested an advanced degree of maturity within the oil window. For some samples 
the equilibrium value (0.55- 0.6) is reached; for others the values plot below the equilibrium, 
indicating that peak oil generation has not been reached (Mackenzie et al., 1980). The C29 
sterane ratio 20S/(20S+20R) revealed values of 0.4 to 0.68 indicating the advanced maturity 
of the samples (Fig. 4.10C; Table 4.5), close to (but not yet at) peak oil generation (Seifert 
and Moldowan, 1986). The lower values of some samples can be explained by organofacies 
differences, weathering and/or biodegradation, which can affect sterane isomerisation 
(Moldowan et al., 1985). However, based on microscopic observations and due to moderate 
to high contents of n-alkanes in combination with relatively high S1 values, strong effects of 
weathering and biodegradation can be excluded. 
Another maturity–related parameter is C29 (/(+)), which shows a wide variation 
although all values are far from the equilibrium (0.67 to 0.71) (Fig. 4.10D). The maturity 
discrepancy of the C29 (20S/(20S+20R)) ratios and the C29 (/(+)) could be explained 
by the dependence of the C29 (/(+)) ratio on both maturity and facies. 
In summary, all the maturity parameters suggest that the oil window has been reached by the 
Pliensbachian source rocks, prior to peak oil generation. 
 
4.6.2. Depositional environment 
 
All of the investigated samples appear to be dominated by marine-derived (algal/bacterial) 
OM, with a variable terrestrial influence. Significant contribution of algal material is suggested 
from the contribution of short chain n-alkanes and steroidal components. The short-chain n-
alkanes may originate from marine algae and from micro-organisms (i.e. cyanobacteria), 
which do not produce n-alkanes beyond n-C18 (Volkmann and Maxwell, 1986.). Furthermore 
the moderate to high phytane/pristane ratios reflect a dominance of pristane relative to 
phytane (Fig. 4.7; Table 4.5) indicative for a prominent input of algae or/and zooplankton. 
Long-chain n-alkanes in the samples are rare and have been contributed by land plant 
waxes. This is consistent with petrological investigations (terrestrial detritus) and the small 
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amounts of plant- wax derived n-C27, n-C29, n-C31 compared to n-C21, n-C23 and n-C25 
alkanes. The preponderance of medium chain even numbered n-alkanes n-C22 and n-C24 
(Fig. 4.6) is typical of carbonate and evaporate systems (ten Haven et al., 1989). 
Degradation of long-chain n-alkanes due to oil window maturities will also contribute to the 
dominance of short-chain n-alkanes, but not for the short even chain dominance. Tricyclic 
terpanes in the range of C20 to C28 are thought to represent contributions by higher plant 
material (Tissot and Welte, 1984) but are only minor compounds close to detection limit in 
the samples investigated. Sterane data of the Pliensbachian samples show a dominance of 
C28 steranes which is typical of a marine depositional environment (Schwark and Empt, 
2006) (Fig. 4.9). Another possibility for the origin of cholesterols is the dealkylation of C28 and 
C29 sterols by zooplankton (Grice et al., 1998). A higher amount of hopanes in some of the 
samples might be an indicator for input of microbially reworked OM (Tissot and Welte, 1984). 
The moderate to high quantities of OM, largely of marine origin, point to the deposition of 
carbonatic rocks under oxygen-depleted conditions. The oxygen status of the depositional 
environment is difficult to establish, but most of the parameters (Pr/Ph; OEP; C29 17-
norhopane/C30 17-hopane ratio < 1.0) indicate a deposition under oxygen depleted but not 
anoxic conditions. The moderate concentrations of C29 norhopane in the Pliensbachian 
samples suggests preferential preservation in the presence of sulphur and is frequently 
observed in sediments with limited iron availability such as carbonates. The TS/Corg ratios of 
the samples support the assumption of a marine depositional environment (Orr, 1974; 
Berner, 1984), because freshwater deposits are generally characterized by very low TS/Corg 
ratios. Moderate TS/Corg ratios observed here might indicate that the samples were deposited 
under high productivity conditions, with bottom waters which were not anoxic, but only 
oxygen-depleted. 
Due to the inverse correlation of sulphur uptake and organic carbon consumption(Lückge et 
al., 1996; Lallier-Vergès et al., 1993), sulphur concentrations can be used to calculate the 
OM content prior to sulfate reduction according to Littke (1993) (Fig. 4.13). Our samples 
show a strong variation in the proportion of organic matter, carbonate and silicate. The 
variation of siliciclastic input is explained by relative sea level changes. Carbonate-rich 
intervals might represent highstand systems, whereas regressions leading to a lowstand 
might have contributed to higher siliciclastic input, higher nutrient supply and higher 
bioproductivity. 
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Figure 4.13. Composition of the freshly deposited Pliensbachian samples (prior to sulphate 
reduction) calculated according to Littke (1993). 
 
 
4.6.3. Comparison to other Pliensbachian/Toarcian sequences 
 
One prominent example of a similar Pliensbachian accumulation in southern Europe is the 
Lusitanian Basin (Portugal), where Duarte et al. (2010) could point out an elevated 
hydrocarbon generation potential of the Lower Pliensbachian (Vale das Fontes Formation), 
increasing towards the western part of the basin. The Pliensbachian series of the Lusitanian 
Basin includes marls, argillaceous and lumpy limestones, similar to those outcropping in the 
study area in the Middle Atlas. The average values of Corg contents are 4.7 %, with an 
important content of oil prone type II kerogen. Thermal maturity studies, however, indicated 
that the OM was immature. 
The comparison of the Moroccon Pliensbachian sediments with other 
Toarcian/Pliensbachian localities revealed similarities with samples from Northern Italy, for 
which data was published by Baudin et al. (1990): In the Lombardian and Belluno basins in 
northern Italy the organic carbon contents range from 0.5 to 2 % with an average around 1 % 
Corg. The petroleum potential is medium to good (3-10 kg HC/t rock). Moderate to high 
hydrogen index (HI) values (250-650 mg HC/g Corg) and elemental analyses suggest oil-
prone II organic matter. Tmax reaches 435°C which corresponds to the beginning of the oil 
window (Espitalié et al., 1985). 
Marine invasion in the Jurassic did not only occur in Palaeo-Europe. Lowermost Jurassic 
(Pliensbachian) sediments were also deposited in the Western Canada Basin during the 
initial invasion that formed a narrow seaway along the Alberta trough. Pliensbachian samples 
from this Formation (Nordegg Member) in the Western Canadian Basin were described in 
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detail by Creaney et al. (1994) and have a Corg content which ranges from 5- 15 %, with 
values up to 28 % for certain laminites. The kerogen is type I/II with HI up to 800 mg HC/g 
Corg measured in immature cores. Residual HI typically ranges from 350-480 HC/g Corg for 
Nordegg samples which have entered the oil window (Riediger et al., 1991). The Lower 
Jurassic Nordegg Member in the Western Canadian Basin represents transgressive- 
regressive events leading to deposition of black limestones, marls and calcareous 
mudstones (Creaney et al., 1994). A similar depositional environment can be assumed for 
the organic matter-rich Pliensbachian sequence at Aït Moussa, Morocco. 
 
4.6.4. Migration effects 
 
Petroleum expulsion from the Pliensbachian source rocks is indicated by five lines of 
evidence: (i) microscopic observations of small quantities of solid bitumen into the rock 
matrix; (ii) PI values lower than expected in view of their advanced maturity (Fig. 4.5D); (iii) 
abundant fluid inclusions filled with oil within calcite cements in fractures (Fig. 4.4B, F); (iv) 
micro-fractures filled with solid bitumen and calcite (Fig. 4.4C); and (v) petroleum seeping 
from fractures at the outcrop surface (Rachidi et al., 2009). 
According to Espitalié (1986) and Leythaeuser and Schaefer (1984), lower-than-normal PI 
values in view of the advanced degree of maturity indicate petroleum expulsion from source 
rocks. In case of outcrop samples, care has to be taken with respect to PI and S1 values, 
because they can be reduced by weathering effects (Littke et al., 1991). With respect to the 
process of petroleum expulsion different mechanisms predominate in source rocks of 
carbonate lithology as compared to those in siliciclastics source beds (Sassen, 1990; 
Leythaeuser et al., 1995). Especially, as a consequence of an effective cementation of the 
rock matrix micro-fractures are formed as migration routes with build-ups of fluid 
overpressures due to volume expansion with kerogen-to-oil conversion. 
Microscope observations showed indeed a few fractures, parallel to bedding, which were 
filled with calcite. In some samples, solid bitumen was observed, coating the fracture walls 
together with calcite cement (Fig. 4.4C). Another difference concerns the aspect that less 
retardation of petroleum components due to sorption on clay minerals can be expected. 
Therefore, even carbonates with Corg values as low as 0.3 to 0.5 % are considered as 
possible effective source rocks (Tissot and Welte, 1984). 
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4.6.5. Burial and temperature history, Petroleum generation 
 
For the 1D model of the Aït Moussa area, the compiled stratigraphic history of Rachidi et al. 
(2009) was initially used as an input, together with vitrinite reflectance as a calibration 
parameter. The maximum burial depth calculated for the Pliensbachian source rock interval 
at Aït Moussa was 2.5- 2.8 km. This is consistent with Assaoud (1994) who calculated a 
maximum burial depth of 2- 3 km based on sediment density/porosity. A thickness of 1000 m 
and 800 m was assumed for the Lower and Middle Jurassic, respectively (Fig. 4.11A), 
whereas Rachidi et al. (2009) assumed a average sediment thickness of 1200 m for the 
Lower Jurassic and 2500 m for the Middle Jurassic. These greater thicknesses would result 
in elevated vitrinite reflectance values which would not match measured values. 
Nevertheless the general subsidence and depositional history for the area described by 
Fedan (1989) and Rachidi et al. (2009) is consistent with the burial history of the area 
described in this manuscript. 
Since the Lower Jurassic, more or less continuous sedimentation is assumed for the region. 
Rachidi et al. (2009) marked two phases of diagenesis: shallow burial diagenesis (Early 
Jurassic- Middle Jurassic) and a deep burial diagenesis (Middle Jurassic- Late Eocene). 
These two phases of diagenesis, are reflected by the two phases of maturation and 
petroleum generation in the model (Figs. 4.11D-F). Compression and uplift started in the 
Late Eocene and lasted till present day (Fig. 4.11A). The highest temperature was reached in 
the Late Eocene (Fig. 4.11D) and led to a second phase of hydrocarbon generation. 
Using the bulk kinetic parameters, the model revealed the highest generation rate (0.35 mg 
HC/g Corg/Ma; Fig. 4.11F) was in the Late Jurassic, with temperatures which reach the 
beginning of the oil window. A smooth increase of temperatures led to a second generation 
phase in the Late Eocene (0.18 mg HC/g Corg/Ma). However, the transformation ratio did not 
exceed 3 %. 
The model points out that especially in areas of deeper burial, significant oil generation and 
migration can be expected. The burial and thermal conditions where this is the case is 
predicted based on bulk kinetic analysis. Burial and thermal maturity as well as a pronounced 
distribution of this source rocks are regarded as critical factors for charge evaluation in 
petroleum exploration activities in basins of southwestern Morocco. 
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4.7. Conclusions 
 
Our data support the presence of a high quality petroleum source rock of Pliensbachian age 
in the central Middle Atlas area. 
The moderate to high Corg contents of the source rock samples are mainly assumed to be 
due to high bioproductivity of marine (phytoplankton) and favourable conditions of 
preservation or production. Oxygen-depleted water conditions are indicated for most of the 
samples, as shown by abundant alginite observed microscopically. 
All Pliensbachian sediments are at a moderately/advanced maturity stage, within the oil 
window. Peak oil generation has not been reached as indicated by high HI values of some 
samples and the bright yellow fluorescence of alginite. This maturity stage is also indicated 
by several biomarker parameters, Tmax values and vitrinite reflectance values. 
Several indications for an initial phase of petroleum generation and migration have been 
found which suggest that this source rock has already expelled some hydrocarbons. 
 
4.8. Tables 
 
Table 4.1. Elemental analysis and vitrinite reflectance data for Pliensbachian samples. 
 
Sample No. Corg (%) Ctotal (%) Cinorg (%) CaCO3 (%) TS(%) VRr% Lithology 
1058 0.31 11.35 11.04 91.97 n.d. 0.67 Limestone 
1059 1.51 10.50 8.99 74.89 1.08 n.d. Limestone 
1060 1.17 9.78 8.61 71.77 1.12 0.68 
Argillaceous 
Limestone 
1061 1.13 11.33 10.20 84.93 0.65 0.66 Limestone 
1062 2.14 11.89 9.75 81.23 0.18 0.61 
Argillaceous 
Limestone 
1063 0.35 11.43 11.07 92.26 n.d. n.d. Limestone 
1064 0.39 11.50 11.11 92.56 n.d. 0.55 Limestone 
1065 3.88 10.92 7.04 58.66 n.d. 0.58 Marl 
1066 1.67 8.03 6.36 52.95 0.25 n.d. Marl 
1067 2.42 11.03 8.60 71.68 0.42 0.53 Marl 
1068 1.82 8.31 6.49 54.08 0.78 0.54 
Argillaceous 
Limestone 
1069 4.71 12.26 7.55 62.89 1.09 0.64 
Argillaceous 
Limestone 
1070 0.17 10.93 10.77 89.66 n.d. n.d. Limestone 
1071 0.74 11.93 11.18 93.19 n.d. 0.61 Limestone 
1072 3.25 12.67 9.41 78.46 n.d. 0.62 Marl 
1073 0.26 10.78 10.52 87.65 n.d. n.d. Limestone 
1074 0.21 11.2 10.99 91.55 n.d. n.d. Limestone 
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1075 3.87 12.86 8.99 74.87 n.d. 0.61 Limestone 
1076 0.15 11.09 10.94 91.16 n.d. n.d. Limestone 
1077 0.27 11.47 11.19 93.25 n.d. 0.62 Limestone 
1078 0.13 11.28 11.15 92.84 n.d. n.d. Limestone 
1079 0.47 10.75 10.28 85.6 n.d. 0.59 Limestone 
 
Table 4.2. Rock-Eval pyrolysis data of Pliensbachian samples. 
 
Sample 
No. 
Corg 
(%) 
S1  
(mgHC/ 
g Corg) 
S2    
(mgHC/ 
g Corg) 
S3     
(mgHC/ 
g Corg) 
Tmax 
(°C) 
HI 
(mg/ 
gCorg) 
OI 
(mgCO2/ 
gCorg) 
PI 
1059 1.51 1.3 6.46 0.49 440 428 32 0.17 
1060 1.17 1.15 4.31 0.33 435 370 28 0.21 
1061 1.13 1.12 4.60 0.5 435 406 44 0.20 
1062 2.14 1.10 9.76 0.76 440 457 36 0.09 
1065 3.88 1.12 18.51 1.22 431 477 32 0.06 
1066 1.67 0.53 6.20 0.92 433 371 55 0.08 
1067 2.43 1.16 11.42 1.08 433 471 45 0.13 
1068 1.82 0.74 4.95 1.15 435 272 63 0.13 
1069 4.71 4.02 30.92 0.36 445 657 8 0.12 
1071 0.74 2.05 1.88 0.37 439 253 50 0.52 
1072 3.25 2.73 20.92 0.33 435 644 10 0.12 
1075 3.87 2.36 24.44 0.67 438 632 17 0.09 
1079 0.47 0.38 0.95 0.57 436 202 121 0.29 
 
Table 4.3. Maceral distribution of some Pliensbachian samples. 
 
Sample No. Vitrinite (%) Liptinite (%) Inertinite (%) 
1058 42 51 7 
1059 25 58 6 
1060 9 88 3 
1061 35 56 9 
1062 13 84 3 
1063 40 48 12 
1064 33 59 8 
1065 28 63 9 
1066 24 66 10 
1067 20 71 9 
1068 11 87 2 
1069 16 78 6 
1070 33 55 12 
1071 37 48 15 
1072 27 60 13 
1076 40 49 11 
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Table 4.4. Identified hopanes (m/z- 191), steranes (m/z- 217 and -218) and diasteranes (m/z -259). 
Hopanes (m/z -191) 
 
1 
 
18(H)-22,29,30-Trisnorneohopane  (Ts) 
2 17(H)-22,29,30- Trisnorhopane (Tm) 
3 17(H),21(H)-30-Norhopane 
4 17(H),21 (H)-30-Norhopane 
5 C30 Diahopane 
6 17(H),21(H)-Hopane 
7 17(H),21(H)-Hopane 
8 (22S)-17(H),21(H)-29-Homohopane 
9 (22R)-17(H),21(H)-29-Homohopane 
10 (22S)-17(H),21(H)-29-Dihomohopane 
11 (22R)-17(H),21(H)-29-Dihomohopane 
12 (22S)-17(H),21(H)-29-Trishomohopane 
13 (22R)-17(H),21(H)-29-Trishomohopane 
14 (22S)-17(H),21(H)-29-Tetrakishomohopane 
15 
(22R)-17(H),21(H)-29-
Tetrakishomohopane 
16 
(22S)-17(H),21(H)-29-
Pentakishomohopane 
17 
(22R)-17(H),21(H)-29-
Pentakishomohopane 
 
 
 
Steranes (m/z 217– and -218) and diasteranes (m/z -259)
 
A 
 
(20S)-13(H),17(H)- Diasterane (C27) 
B (20R)-13(H),17(H)- Diasterane (C27) 
C (20S)-13(H),17(H)- Diasterane (C28) 
D (20R)-13(H),17(H)- Diasterane (C28) 
E (20S)-13(H),17(H)- Diasterane (C29) 
F (20R)-5(H),14(H),17(H)- Cholestane 
G (20S)-5(H),14(H),17(H)- Cholestane 
H (20R)-13(H),17(H)- Diasterane (C29) 
I 
(20S)-24-Methyl-5(H),14(H),17(H)- 
Cholestane 
J 
(20S)-24-Methyl-5(H),14(H),17(H)- 
Cholestane 
K 
(20R)-24-Methyl-5(H),14(H),17(H)- 
Cholestane 
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L 
(20S)-24-Ethyl-5(H),14(H),17(H)- 
Cholestane 
M 
(20R)-24-Ethyl-5(H),14(H),17(H)- 
Cholestane 
N 
(20S)-24-Ethyl-5(H),14(H),17(H)- 
Cholestane 
O 
(20R)-24-Ethyl-5(H),14(H),17(H)- 
Cholestane 
 
 
Table 4.5. GC-FID and GC-MS data for analyzed Pliensbachian samples. 
 
 n-alkanes Hopanes Steranes 
Sample 
No 
Pr/ 
Ph 
Pr/ 
nC17 
Ph/ 
nC18 
OEP (nC22+nC24/ n-C21+n-C23
Ts/       
(Ts+Tm) 
C29/      
C3017 
hopane 
22S/      
(22S+22
R) 
C29dia-
steranes
reg. 
steranes 
/ 
(+) 
20S/ 
(20S+20R) 
diasteranes 
20S/ 
(20S+20
R) 
       
1059 1.4 0.57 0.52 N/A 0.97 0.6 0.43 0.59 2.1 0.26 0.5 0.42 
1060 1.32 0.81 0.82 N/A 0.93 0.6 0.43 0.57 0.59 0.25 0.57 0.57 
1061 1.33 0.58 0.56 1.03 0.98 0.59 0.52 0.54 1.3 0.32 0.68 0.68 
1062 1.44 0.54 0.49 1.01 0.95 0.62 0.48 0.58 0.64 0.23 0.57 0.57 
1066 1.22 0.77 0.62 1.05 1.06 N/A 0.42 0.39 0.66 0.3 0.6 0.6 
1067 1.44 0.62 0.56 N/A 0.94 0.6 N/A 0.54 0.75 0.36 0.55 0.55 
1068 1.22 0.75 0.73 1.04 1.02 0.6 0.5 0.54 2.2 0.25 0.55 0.55 
1069 1.46 0.51 0.49 1.05 0.94 0.67 0.52 0.57 0.45 0.31 0.61 0.4 
1071 1.43 1.01 0.87 1.1 1 0.56 0.46 0.59 0.6 0.51 0.56 0.56 
1072 1.69 0.56 0.47 1.04 0.92 0.66 0.58 0.53 0.64 0.23 0.59 0.39 
1075 1.64 0.53 0.45 N/A 0.94 0.55 0.53 0.57 0.32 0.29 0.6 0.6 
1079 1.49 0.86 0.59 N/A 1 0.62 0.43 0.56 0.46 0.22 0.6 0.62 
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5. Petrological and geochemical investigations of potential source 
rocks of the Central Congo Basin, DRC 
 
Keywords: Petroleum source rocks, intracratonic, Congo Basin, kerogen type, biological 
marker, temperature history, thermal maturity, Rock-Eval pyrolysis, 1D modeling. 
 
5.1. Abstract 
 
Palaeozoic and Mesozoic outcrop and core samples (REMINA- Dekese and REMINA- 
Samba wells) covering various stratigraphic intervals from the central Congo Basin were 
analyzed for total organic carbon (Corg), total inorganic carbon (Cinorg) and total sulfur content 
(TS). Rock-Eval analysis and vitrinite reflectance measurements were performed on the 
basis of the Corg content. 15 samples were chosen for molecular organic geochemistry. Non-
aromatic hydrocarbons were analyzed by gas chromatography-flame ionization detection 
(GC-FID) and GC-mass spectrometry (GC-MS). 
Samples of the Alolo shales from the Aruwimi Group (Lindi Supergroup, late Neoproterozoic 
to early Paleozoic) are in general very poor in Corg (most samples < 0.5 %) and contain a 
high amount of degraded organic matter. All samples of this group revealed a Type III to IV 
kerogen and cannot be considered as a potential source rock. Permo-Carboniferous 
sediments from the Lukuga Group (REMINA- Dekese well and outcrop samples) contain 
moderate contents of organic carbon (< 2 %). Tmax values (heating temperature at which top 
peak of S2 occurs) indicate early mature organic matter, partly also a higher level of maturity 
due to vitrinite reflectance (0.6 -0.7 %) and PI values (S1/S1+S2 < 0.2). All samples contain 
hydrogen-poor Type III to IV kerogen with low hydrocarbon generation potential, only having 
a very minor gas generation potential. The kinds of organic matter (OM) as well as the 
biological markers indicate a terrestrial dominated depositional environment. 
Organic geochemical investigations on Late Jurassic (Stanleyville Group) to Early 
Cretaceous (Loia Group) samples from the REMINA- Samba well and outcrops in the north-
eastern part of the Congo Basin, reveal moderate to high contents of organic carbon (up to 
25 %). The kerogen has very high hydrogen index (HI) values reflecting Type I kerogen of 
excellent quality in the Stanleyville Group (up to 900 mg HC/g Corg) and Type I to II kerogen 
in the overlying Loia Group (up to 900 mg HC g Corg). Outcrop samples from the Stanleyville 
Group have variable, partly high Corg contents and are also characterized by very high HI 
values (up to 900 mg HC/g Corg). The samples studied are too immature for petroleum 
generation. Based on biomarker analysis an aquatic, anoxic depositional environment can be 
assumed for the Stanleyville Group, while a lacustrine deposition is likely for the samples of 
Loia Group. Based on the geological knowledge of the area, deposition under lacustrine 
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conditions is most likely also for the Stanleyville Group. Both the Stanleyville and Loia 
Groups can be regarded as excellent petroleum source rocks and could be part of a 
petroleum system if sufficient burial and maturation has occurred. The presence of 
resedimented vitrinite particles in the Lukuga Group of REMINA- Dekese well with a slightly 
higher maturation rank than the autochthonous vitrinites suggests that 3000- 4000 m of 
Carboniferous to Devonian sediment have been eroded from the eastern margin of the 
Congo Basin. 
Finally, vitrinite reflectance data were used to create 1D models for the REMINA- Dekese 
and REMINA- Samba wells, giving an overview of the burial-, thermal-, and maturity history 
of the area.  
 
5.2. Introduction 
 
Intra-continental sedimentary basins contain some of the world’s major hydrocarbon 
provinces, e.g. the giant gas resources of West Siberia (Surkov et al., 1991; Kontorovich et 
al., 1996; Littke et al., 2008). Some of the source rocks in rift-related continental basins were 
deposited under lacustrine conditions (e.g. Early to Late Cretaceous of Africa and South 
America; also Songliao Basin, northern China; Paleozoic of Western China and Tertiary of 
Eastern China and southeastern Asia; Harris et al., 2004). In later rifting stages potential 
source rocks were also deposited under deltaic and marine conditions. Katz (1995) assumed 
that source rock accumulations are richest during the active rift stage, when rift-related lakes 
reach their greatest depth and extension. Commonly, anoxic bottom water conditions 
prevailed during this phase of rift lake development. One exception is the Sudan rift basin, 
where the source rocks are related to the deposition of lacustrine sediments under shallow 
water conditions during late rift phase (Schull, 1988), and a significant increase in the OM 
content occurred from early to late rift stage. In general, three critical factors have been 
identified for the deposition of organic rich sediments: (i) high bioproductivity, including high 
nutrient flux (Pedersen and Calvert, 1990), (ii) slow sediment accumulation which does not 
dilute the OM (Tyson, 2001) and (iii) oxygen- depleted (anoxic) conditions which limit 
oxidation reactions in the water column and in the shallow sediments (Demaison and Moore, 
1980). 
The Congo Basin is one of the largest intracratonic sedimentary rift basins in the world 
(covers a total of 3.7 million km²), but still poorly investigated with respect to petroleum 
potential. Between 1950 and 1980 geophysical investigations as well as data from four wells 
(ESSO Zaire- Mbandaka, ESSO Zaire- Gilson, REMINA- Samba and REMINA- Dekese) 
gave further insight into the structural of the Congo Basin and the deposited sequences. 
Results of the first exploration campaign (gravimetry, refraction seismics, field mapping and 
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drilling of the REMINA- Samba and REMINA- Dekese stratigraphic boreholes) by REMINA 
(1952-1956) are synthesized in Cahen et al. (1959, 1960) and Evrard (1957, 1960) while 
those from the second exploration phase conducted by SHELL, TEXACO and JNOC (1970-
1984: seismic reflection, field investigations and drilling of the ESSO Zaire- Mbandaka, 
ESSO Zaire- Gilson exploration boreholes) remain largely confined to exploration reports 
(JNOC, 1984; ECL, 1988). Only short syntheses have been published by Lawrence and 
Makazu (1988) and by Daly et al. (1992). Limited geochemical and petrological 
characterization of samples from potential source rock units was undertaken several years 
after the REMINA campaign, on samples from outcrops and boreholes stored at the Royal 
Museum of Central Africa. A more systematic geochemical and petrological investigation of 
source rocks was based on new outcrop samples collected during the JNOC 1984 campaign, 
focusing on the lower Cretaceous sandstones of the Kananga region, and the Jurassic 
bituminous shales of the Kisangani region (JNOC, 1984). The source rocks of the > 4000 m 
deep ESSO Zaire- Gilson and ESSO Zaire- Mbandaka wells have been analyzed in detail, 
but the results are not publicly available and all the sample material has been lost. As a 
result, the present knowledge of the source rock characteristics remains incomplete and 
largely confidential. This fact presents an important limiting factor for the understanding of 
the hydrocarbon system of this huge basin. Up to now, the investigations by Daly et al. 
(1991, 1992) contain the most comprehensive source information on the intracratonic Congo 
Basin, including the basin structure and its post- Paleozoic history. In addition, Giresse 
(2005) compiled the Mesozoic-Cenozoic history of the intracratonic Congo Basin and Kadima 
et al. (2011a, b) proposed a revision of the stratigraphic and tectonic evolution of the Congo 
basin since the late Neoproterozoic. This paper documents various types of source rocks in 
the Congo Basin, their quantity, quality and maturity of OM as well as the depositional 
environment in relation to tectonic evolution. For this purpose, a total of 147 samples stored 
in the rock collection of the Royal Museum for Central Africa, Belgium, covering various 
stratigraphic units of the intracratonic Congo Basin were investigated, including two wells 
(REMINA- REMINA- Samba and REMINA- Dekese; Figs. 5.1 and 5.2). 
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Figure 5.1. Simplified map of the Congo Basin with location of the sample sites. 
 
5.3. Geological setting 
 
The Congo basin is a broad and long-lived intracratonic depression in the centre of the 
African Plate covering most of the Democratic Republic of Congo (DRC, formerly Zaire), the 
People’s Republic of Congo and the Central African Republic, coinciding with a region of 
pronounced long-wavelength gravity anomaly (Crosby et al., 2010; Fig. 5.1). It has a long 
history of sediment accumulation, tectonic inversion and erosion since the Neoproterozoic 
(Veatch, 1935; Cahen and Lepersonne, 1954; Lepersonne, 1977; Daly et al., 1992; Giresse, 
2005 and Kadima et al., 2011a) and is still tectonically active (Delvaux and Barth, 2010). 
According to Daly et al. (1992) and Kadima et al. (2011a and 2011b), the evolution of the 
Congo basin started in the Neoproterozoic, probably in an intracratonic extensional context. 
The subsequent subsidence is at least partly related to the cooling of the stretched 
lithosphere during the Paleozoic, and was affected by several basin inversion periods. The 
Late Cenozoic subsidence is possibly controlled by the action of a downward dynamic force 
on the lithosphere either related to a high-density object at the base of the lithosphere 
(Downey and Gurnis, 2009; Crosby et al., 2010) or in response to a down welling mantle 
plume (Forte et al., 2010) or to delamination (Buitler and Steiberger, 2010). 
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The stratigraphic evolution of the Congo Basin is incompletely known due to its large 
dimensions and limited exposure and exploration work. The general stratigraphic evolution 
has been synthesised by Lawrence and Makazu (1988) and Daly et al. (1992), based on the 
results of two exploration campaigns, correlating well stratigraphy with field-based 
observations. A synthetic stratigraphic column was presented by Daly et al. (1992), assuming 
long-distance lateral continuity of the Groups. However, this concept appears to be of limited 
applicability as the stratigraphic units vary laterally both in facies and thickness, some of 
them being of limited extent and locally missing. A revised and more detailed stratigraphy is 
presented in Kadima et al. (2011a, b) taking into account the spatial distribution of the 
observations (Fig. 5.2). 
 
 
 
Figure 5.2. Overview about stratigraphic units within the Congo Basin (extracted from Kadima 
et al., 2011a). Note: “couche” refers to the English “bed”. 
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Summary of the tectono-stratigraphic evolution 
 
The development of the Congo basin appears to be controlled by a series of events, defining 
three first-order sedimentary units that are separated by prominent seismic reflectors and 
broadly correlated to the Neoproterozoic, Paleozoic and Meso-Cenozoic. 
Sedimentation started in the Neoproterozoic during a poorly- defined intracratonic rifting 
stage that failed to develop into a real continent breakup. The post-rift subsidence controlled 
the deposition of a first sedimentary unit during the Cryogenian and the Ediacaran. This 
sequence is known from the work of Verbeek (1970) in the Lindi-Aruwimi region, north of 
Kisangani. In this type region, it comprises ~ 130 m of stromatolitic carbonates at the base 
(Ituri Group), followed by ~ 470 m of siliciclastics and limestone (Lokoma Group) deposited in 
an environment interpreted as lagoonal to marine. These units are further subdivided into 
Penge arkoses (10-20 m), Lenda carbonates with carbonaceous layers (80-130 m) and 
Asoso shales and sandstones (50 m) for the Ituri Group and Akwokwo tillites (0-40 m), 
Bobwamboli conglomerates and arkoses (50-250 m), Mamungi grey shales and limestones 
(200-500 m) and Kole shales (100 m) for the Lokoma Group (Fig. 5.2). 
Above a marked unconformity in the seismic profiles which is, however, weakly expressed in 
the Lindi-Aruwimi region, a thick (1760 m) sequence of Paleozoic siliciclastics follows which 
is dominated by red arkoses, and form the Aruwimi Group. Verbeek (1970) subdivided this 
unit successively into Galamboge quartzites with cross-bedding (100-150 m), Alolo 
carbonaceous dark shales (350-400 m) and Banalia red arkoses with cross-bedding (up to 
1200 m), with transitional ~ 100 m thick transitional units between them. The Alolo shales 
were probably deposited in a shallow marine to lagoonal basin. The Banalia red arkoses are 
overlain by glacial-interglacial and post-glacial sediments of the Lukuga Group (respectively 
816 and 146 m in the Dekese well), attributed to the late Carboniferous-Permian. This age 
for the Aruwimi Group is problematic and constrained only by the Pan-African unconformity 
(~ 550-542 Ma) at the base and by the late Carboniferous-Permian sediments of the Lukuga 
Group on top, spanning the entire early - middle Paleozoic. No prominent discontinuities can 
be seen between the Aruwimi and the Lukuga Groups, either in the Dekese core or in the 
seismic profiles. In consequence, they have been grouped into a single sedimentary unit 
representing the known Paleozoic in the Congo Basin. The stratigraphy of the Lukuga Group 
contains a series of glacial to periglacial massive diamictites and varval dark grey shales 
deposited underwater in a large basin in front of mountain glaciers in the Dekese area 
(couches F-G), or as morainic deposits in the region of Kalemie during several glacial 
oscillations. They are overlain by post-glacial black shales in the Dekese area (couches D-
E), or sandstones with coal seams in the Kalemie region along the western shore of Lake 
Tanganyika (Lukuga coal field) (Cahen et al., 1959; Fourmarier, 1914 and Jamotte, 1931). 
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A marked discontinuity separates the Paleozoic sedimentary unit from the overlying Meso-
Cenozoic series assembled into a third sedimentary unit. The Mesozoic sedimentation began 
in the eastern rim of the Congo Basin with Triassic reddish sandstones and mudstones in the 
Kalemie region (Haute Lueki Group), overlying unconformably the Permian sediments in the 
Lukuga coal field. At Kisangani (former Stanleyville) and south of it along the upper course of 
the Congo River (also named Lualaba), 470 m of sandstones with bituminous shales and 
limestones of Late Jurassic to early Cretaceous (Oxfordian – Early Aptian) represent 
lacustrine deposits, assembled into the Stanleyville Group (Passau, 1923; Lombard, 1960; 
Lepersonne, 1977 and Cahen, 1983a). Towards the basin centre in the Samba well, 323 m 
of fluvial-lacustrine red sandstones with thin layers of bituminous shales are attributed to the 
Stanleyville Group, directly overlying the Aruwimi Group (Couches 5; Cahen et al., 1959). 
The Stanleyville Group is absent in the Dekese well (Cahen, 1960) and occurs in a 
condensed section in the Kinshasa area (Egorov and Lombard, 1962). The depositional area 
of the overlying Loia Group (Late Aptian – Early Albian) enlarged considerably and its 
depocenter shifted towards the present centre of the basin while the southern and eastern 
rim of the basin was surelevated (Lepersonne, 1977; Cahen, 1983b). The Loia Group is 
represented in the Dekese well by 254 m of aeolian sand dunes (Couches C), and in the 
Samba well by 280 m of shallow lacustrine sandstones and mudstones with bituminous shale 
levels (Cahen et al., 1959, 1960; Linol et al., 2011). 
The stratigraphic succession continues with the Late Albian Bokungu fluvio-delatic 
sandstones and siltstones (372-439 m), unconformably overlain by the Cenomanian Kwango 
loose siliceous sandstones (254-280 m). The Paleogene is represented by the Grès 
Polymorphe Group, composed of silicified aeolian sands deposited over a prominent erosion 
surface, and surmounted by the Neogene Ochre Sands (70-90 m in total for the Cenozoic) 
(Cahen et al., 1959, 1960, 1983b; Lepersonne, 1977; Linol et al., 2011). 
This review shows that the sedimentary units and discontinuities at the scale of the basin 
present strong lateral variations in thickness and facies. In particular the Paleozoic-Mesozoic 
discontinuity spans the entire Triassic and Jurassic in the Samba well, the Permian and 
Triassic in the Dekese well, and is almost absent in the Kalemie area. This loosely 
constrained period would correspond to an important compressional basin inversion (Daly et 
al., 1992) that has been related to far-field effects during the Late Permian - Early Triassic 
development of the Cape Fold Belt of South Africa (Hälbich et al., 1983; Le Roux, 1995; 
Delvaux, 2001; Newton et al., 2006 and Tankard et al., 2009). 
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5.4. Samples and methods 
 
A total of 147 samples were made available from the Royal Museum for Central Africa, 
Tervuren, Belgium. They include outcrop samples of the Neoproterozoic (Lenda Limestones, 
Ituri Group and Mamungi shales, Lokoma Group) in the Lindi & Ubangui regions, Middle to 
Early Paleozoic (Alolo shales, Aruwimi Group) north of Kisangani, Late Carboniferous-Early 
Permian (lower glacial to periglacial part of Lukuga Group) in the Walikale area (North Kivu), 
Late Jurassic-Early Cretaceous (Stanleyville Group) along the upper Congo river (Lualaba), 
in Kisangani and south of it (Figs. 5.1 and 5.2). Additionally, samples from the Dekese and 
Samba wells were collected from the Loia, Stanleyville and Lukuga Groups. One coal sample 
of Mid Permian post-glacial age from the Lukuga coal field near Kalemie along the 
Congolese shore of Lake Tanganyika was also investigated (Fig. 5.1). Only organic-rich 
levels of these groups have been sampled instead of a systematic sampling and the results 
obtained in this work do not represent the quantitative average composition of the sampled 
units but rather have been used to qualify the organic matter type and maturation in terms of 
source rock potential and depositional environment. Samples from the Lindian Supergroup 
have been collected by Verbeek (1970), with most of the Alolo shale samples close to a fault 
zone. 
Total inorganic carbon (Cinorg) and total organic carbon (Corg) were measured with a LECO 
RC-412 carbon analyzer via IR absorption. Total carbon (Ctotal) concentrations were 
determined using Ctotal= Cinorg + Corg. CaCO3 percentages were calculated using CaCO3= 
Cinorg * 8.333. Total sulphur concentrations (TS) were measured using a Leco S 200 sulfur 
analyzer with a precision of <5 % error and a detection limit of 0.0001 %. Rock-Eval pyrolysis 
was performed on 60 samples having Corg content >0.4 %. Approximately 100 mg of 
powdered rock were heated in the He stream of a DELSI INC Rock-Eval II instrument. A 
detailed description of the procedure is given in Espitalie et al. (1985). Parameters 
determined by Rock-Eval pyrolysis include hydrogen index (HI = mg hydrocarbon (HC) 
equivalents per g Corg), oxygen index (OI = mg CO2 per g Corg), and Tmax (temperature of 
maximum pyrolysis yield). A modified van Krevelen diagram (HI vs. OI) and a cross plot of S2 
and Corg were used for kerogen classification. Vitrinite reflectance (VRr) was measured on 
samples with Corg > 0.4 %. For microscopic studies, samples were embedded in an epoxy 
resin and a section perpendicular to bedding was polished (Taylor et al., 1998). The polished 
blocks were investigated at a magnification of 500 x in incident white light and in incident light 
fluorescence mode, excited by ultraviolet (UV) and violet light. Vitrinite reflectance 
measurements have been performed using a Zeiss Axioplan incident light microscope at a 
wavelength () of 546 nm with a Zeiss Epiplan-NEOFLUAR 50x, 0.85 oil objective. An yttrium 
aluminium garnet (YAG) standard was used, with a reflectance of 0.889 %. For samples rich 
in vitrinite or solid bitumen particles, at least 50 measurements were made. Mean vitrinite 
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reflectance and standard deviation values were calculated using the DISKUS Fossil software 
(Technisches Büro Carl H. Hilgers). In total 43 samples were studied by way of reflected light 
microscopy. 
Fifteen samples were selected for molecular organic geochemistry, based on their Corg and 
Rock-Eval data. The analysis of non-aromatic hydrocarbons was carried out on 10 g aliquots 
of each sample extracted with dichloromethane (DCM; 40 ml) and hexane (40 ml) using 
ultrasonic treatment. The extracts were fractionated by polarity chromatography into 
nonaromatic hydrocarbons (5 ml pentane), aromatic hydrocarbons (5 ml pentane and 
dichloromethane (DCM) at the ratio of 4:6) and heterocompounds (5 ml MeOH). Gas 
chromatography (GC) of nonaromatic hydrocarbons was performed on a Fisons Instruments 
GC 8000 series ECD 850 equipped with an on-column injector, a Zebron ZB-1 HT Inferno 
fused silica capillary column (30 m x 0.25-mm i.d., film thickness 0.25 m) and a flame 
ionization detector (FID). Hydrogen was used as the carrier gas. The oven temperature was 
programmed from 80°C (3 min) to 300 °C (held 20 min) at 10 °C/min. 
The biomarkers were determined by gas chromatography – mass spectrometry (GC-MS), 
using a Finnigan MAT 95SQ mass spectrometer coupled to a Hewlett Packard Series II 5890 
gas chromatograph. The spectrometer was operated in electron ionization mode at ionization 
energy of 70 eV and a source temperature of 260 °C. The chromatograph was equipped with 
a splitless injector and a Zebron ZB-1 fused silica capillary column (30 m x 0.25 mm, film 
thickness 0.25 m). He was used as carrier gas. The oven temperature was programmed 
from 80 to 310 °C (held 3 min) at 5 °C/min. 
 
5.5. Numerical basin simulation 
 
The thermal and depositional evolution of sedimentary basins can be reconstructed by 
computer aided models. For obtaining a reliable model, compiling and quantification of 
geological, physical and chemical processes which have taken place during basin 
development is necessary. Calibration data based on investigations of sediment samples 
representative for the investigated site is a fundamental input for a basin simulation, in order 
to generate scenarios as close as possible to reality. Principles of basin modelling were 
described by Welte and Yalcin (1987) and principles of 1D model calibration by Senglaub et 
al. (2006). The major outcomes of basin modelling approaches are burial-, temperature- and 
maturation history. The basin evolution is separated into chronological events with a defined 
age. Each event represents a time of sedimentation, erosion, or non-deposition (Wygrala, 
1988). The temperature history is dependent on the heat input into the system, the heat 
transfer (conduction and convection) and the heat distribution. The temperature history 
results from the burial history, the petrophysical properties of the rocks as well as spatial- 
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and time-specific (palaeo-) heat flow data. For optimisation of the model, calibration 
procedures are required. Vitrinite reflectance is the most important calibration parameter. By 
levelling the input parameters, evolution scenarios can be modified until the modelled 
calibration parameters match the values measured during the investigation of the sediment 
samples considered representative for the sequences in the modelled basin. Frequently 
levelled input parameters during model calibration are, for example, erosion thickness and 
heat flow (Petmecky et al., 1999; Senglaub et al., 2006). For calculation of the vitrinite 
reflectance by means of the software “PetroMod” (Schlumberger IES, Version 10), the 
Easy%Ro- algorithm after Sweeney and Burnham (1990) has been chosen. It is applicable 
for the range between 0.3 %VRr and 4.6 %VRr. 
Based on the recent geological setting of the Congo Basin, known geological processes 
through time, heat flow estimation (i.e. Daly et al., 1992; Sebagenzi, 1993 and Giresse, 
2005) and vitrinite reflectance as calibration data, 1D models of Dekese and Samba wells 
were created. 
 
5.6. Results 
 
5.6.1. Elemental analysis 
 
Highest Corg values were found for well and outcrop samples of the Loia and Stanleyville 
Groups, with values up to 25 % for samples of Stanleyville Group (Appendix 8.3; Fig. 5.3a). 
For the samples of the Lukuga Group, low to moderate (< 2 %) Corg values were measured 
(Appendix 8.3). An exception is the coal that has a Corg content of 48 % and a CaCO3 content 
of about 3 % (Fig. 5.3a). Samples of the Aruwimi, Ituri and Lokoma Groups have generally 
lowest Corg contents, with mean values < 0.2 %. The Cinorg content and thus the CaCO3 
content is generally low (< 5 %) for the Lukuga, Loia, Stanleyville and Lokoma Groups. High 
Cinorg and CaCO3 values were recorded only for samples of the Aruwimi and the Ituri Groups, 
with CaCO3 values up to 99 % (Fig. 5.3a). CaCO3 contents of the Stanleyville Group show an 
increase in Cinorg with a decrease in Corg (Fig. 5.3a). 
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Figure 5.3. Bulk geochemical data of various samples of the Congo Basin. (a) Corg vs. carbonate 
contents, and (b) TS vs. Corg contents of different lithologies. 
 
 
Sulfur content is highly variable, especially in samples of the Aruwimi and Loia Groups. 
Highest values - up to 4.4 % - occur in the Aruwimi and Loia Groups. Lowest values were 
measured for the samples of the Stanleyville and Lukuga Groups with values < 0.6 %. The 
Lukuga Coal sample also revealed a low TS content (0.5 %; Appendix 8.3). The Lokoma 
Groups revealed a high amount of TS (2.69 %), leading to a very high TS/Corg ratio of 14.16 
(Fig. 5.3b). In the Lukuga Group, because of high Corg values the respective TS/Corg values 
are only moderate to low, ranging between 0.01 and 0.16. TS/Corg values of the Stanleyville 
Group are highly variable due the variable contents of Corg (0.05- 0.8). High TS/Corg values 
seem to be characteristic of the Aruwimi Group, with values up to 4.97 (Fig. 5.3b). Especially 
in the Aruwimi Group most of the sulfur is present as pyrite, as demonstrated by microscopic 
examination. 
 
5.6.2. Rock-Eval pyrolysis 
 
The Rock-Eval pyrolysis data for samples of the Stanleyville Group revealed a variation of 
the HI from 786 to 1028 mg HC/ g Corg in the samples of the Lualaba area (Fig. 5.4a). OI is in 
the range 21 to 183 mg CO2/ g Corg with PI values up to 0.07 (Fig. 5.4c). S2 values range 
between 22 and 246 mg HC/g rock (Fig. 5.4b). Tmax is in the range of 424 to 438°C (Fig. 
5.4c). 
For the samples of the Loia Group in the Samba well, a wide variation in the HI values (Fig. 
5.4a) varying from 430 to 965 mg HC/g rock, with a mean value of about 751 mg HC/ g rock 
is typical (Fig. 5.4a). OI ranges from 22 mg CO2/ g Corg to 135 mg CO2/ g Corg, with a mean 
value of 64 mg CO2/ g Corg. The Tmax is in the range of 429 to 437 °C and PI ranges from 0.01 
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up to 0.05 (Fig. 5.4c). Samples show various S2 values in the range of 6 to 160 mg HC/g 
rock. For Loia and Stanleyville Groups, an increase of S2 with increasing Corg is typical (Fig. 
5.4b). Another pattern is given for the samples of the Lukuga and Aruwimi Groups. For the 
Lukuga Group the Tmax ranges between 427- 437°C, with HI values from 18- 265 mg HC/ g 
rock, OI values between 20- 154 mg CO2/ g Corg and PI up to 0.5. The Lukuga coal sample 
has a HI of 200 mg HC/ g rock and an OI of 38 mg CO2/ g Corg, with a Tmax of 426°C and a PI 
of 0.03 (Fig.5.4 a, b, c). Based on their very low S2 values, most HI and Tmax values are not 
reliable for the samples of the Aruwimi Group. Tmax values vary from 416-450°C, with PI up to 
0.8. All Rock-Eval parameters are compiled in Appendix 8.3. 
 
 
 
 
 
 
Figure 5.4. Rock-Eval pyrolysis data for samples of different stratigraphic units of the Central Congo 
Basin. (a) Rock-Eval HI and OI values, (b) Rock-Eval S2 vs. Corg data, and (c) Rock-Eval PI and Tmax. 
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5.6.3. Organic petrography 
 
An overview of maturity distribution is provided by vitrinite reflectance (VRr) data which is 
considered to be the most reliable and most commonly used maturity indicator (Dow, 1977; 
Waples et al., 1992a, b). However, most of the samples of the Congo Basin contain a large 
amount of resedimented vitrinite and vitrinite- like particles, especially Late Carboniferous-
Early Permian samples of the Lukuga Group in the Dekese well, and to a lesser extend 
samples of Walikale area. The dominance of resedimented particles suggests that Early 
Carboniferous and possibly also Devonian rocks were deposited at the margin of the basin 
over much greater areas than those represented by the present-day outcrops. Erosion of 
these units at the basin margin occurred at the same time when Late Carboniferous to Early 
Permian units were deposited in the basin centre. 
The vitrinite reflectance values of all samples are plotted in Figure 5.5f and in Appendix 8.3. 
Vitrinite reflectance measurements revealed values of 0.6 to 0.8 % for the Lukuga Group 
(Dekese well; Fig. 5.5f), where values increase with depth. However, there is much scatter 
due to the predominance of resedimented vitrinite which is difficult to distinguish from 
autochthonous vitrinite. The Kalemie coal sample presents microscopically a high amount of 
vitrinite and sporinite, the latter with a greenish to yellow fluorescence. Alginite was also 
observed but only in minor amounts. Vitrinite reflectance of this outcrop coal sample is  
0.47 % (Fig. 5.5f and Appendix 8.3). 
 
 
 
 
Figure 5.5. Maturity parameters VRr and Tmax. 
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Vitrinite reflectance values of samples of the Stanleyville Group in the Lualaba Basin are in 
the range of 0.4 to 0.55 % (Fig. 5.5f and Appendix 8.3), whereas samples of Loia Group 
(Samba well) shows VRr values from 0.56 to 0.7 %. The latter samples represent less 
abundant vitrinite and vitrinite-like particles but lamalginite as a predominant maceral (up to 
90 %). Fluorescence observations revealed a greenish to yellow color of the particles. Fresh 
pyrite was also abundant in the samples of Loia Group, which revealed a nearly 
unweathered kind of the sample material (Littke et al., 1991b). 
 
5.6.4. Molecular organic geochemistry 
 
All of the investigated samples of the Congo Basin contain n-alkanes in the range of n-C12 to 
n-C31 (Fig. 5.6). In most samples a clear dominance of short chain n-alkanes (n-C15 to n-C19) 
relative to long chain n-alkanes (n-C27 to n-C31) is not obvious, indicating moderate to low 
maturity levels and a mixture of aquatic (lacustrine or marine) and terrestrial OM. At high 
levels of maturity, long-chain n-alkanes are cracked and short chain n-alkanes clearly 
predominate. 
Very high n-C17/n-C27 ratios (>10) were only recorded for the Aruwimi sample and one of the 
Lukuga samples. The ratio of n-C17 versus n-C27 is <1 in samples of Loia and in some 
samples of Lukuga Group, in all other samples >1, with highest dominance of n-C17 in the 
Aruwimi Group. The abundance of pristane and phytane is moderate to high, with a weak 
dominance of pristane in samples of Aruwimi, Lukuga and Stanleyville Groups. In samples of 
the Loia Group, a dominance of phytane could be observed which is typical of source rocks 
deposited under anoxic conditions and/or carbonate to evaporite environments. The latter 
can, however, be excluded due to the low-moderate carbonate contents of Loia sediments. 
The ratios of pristane/n-C17 and phytane/n-C18 range from 0.4 and 1.4, with the coal sample 
reaching a value of 3.8 (Fig. 5.7). Different ratios were used to calculate the ratio of odd-
carbon numbered over even-carbon numbered n-alkanes (CPI and OEP; Table 5.1). High 
values are typical for the Lukuga samples, including the coal from Kalemie, indicating a 
strong terrestrial contribution in this unit. Loia and Stanleyville samples show lower values, 
but -with one exception- also predominance of odd- numbered n-alkanes. Lower values were 
recorded for Aruwimi samples which were deposited before the appearance of terrestrial 
plants. 
Biomarker ratios were used to characterize the depositional environment and the maturation 
range of potential source rocks. The biomarkers we evaluated for this study were tri- and 
pentacyclic triterpanes as well as steranes and diasteranes (cf. Peters and Moldowan, 1991), 
with a focus on evaluation of peak area ratios from tri- and pentacyclic terpanes measured 
from the m/z 191 trace, steranes measured from the m/z 217 and 218 trace and diasteranes 
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from the m/z 259 trace (Table 5.2; Fig. 5.8). In addition, sesquiterpanes and tetracyclic 
terpanes were found in some samples, but only in minor amounts. 
 
 
Figure 5.6. N-alkane distribution pattern for representative samples of Loia, Lukuga and 
Stanleyville Groups. 
 
 
 
 
Figure 5.7. Pr/n-C17 vs. Ph/n-C18 for selected Congo samples (Interpretation scheme 
according to Shanmungam, 1985). 
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Figure 5.8. Hopane (A-C), sterane (D) and tricyclic terpane (E-G) distributions of Loia (A, D, G) and 
Lukuga Groups (B, E). Figures C, and F present distributions for the Lukuga coal sample (314). For 
peak identification see Table 5.2. 
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For the tetracyclic terpanes only C23H40 was identified in all samples, C24H42 in addition only 
for one Lukuga sample from Walikale area (1267). Tricyclic terpanes in the range of C19 to 
C25 were abundant, whereas C26 and larger carbon numbers were mainly under the detection 
limit, except in samples 1204 and 1205 (Loia Group). Identification of these tricyclic terpanes 
was based on peak identification described by Wang (1993). For the Lukuga coal sample, 
only C20H36 molecules could be identified. Dominant peaks in the samples of the Lukuga and 
Loia Groups are the  and  configurations. The ratio Tricyclics/17-hopanes, which is 
helpful to describe the maturity range, was used for the Loia samples which revealed values 
between 0.17 and 0.44 (Table 5.1).  
 
 
 
 
 
Figure 5.9. Biomarker maturity ratios plotted versus Tmax values: (a) Ts/(Ts+Tm) of hopane series. 
(b) The 22S/(22S + 22R) ratio. (c) 20S/(20S + 20R) of steranes. See text and Table 5.2 for 
biomarker parameters. 
 
Pentacyclic terpanes of the hopane series from C27 to C32 are dominated by C29 hopane as 
well as C30 to C31 hopanes, with only minor contribution of C32 homohopanes. The 
17(H)21(H) and 17(H)21(H) isomers dominate the m/z 191 fragmentograms. C30 to C31 
hopanes were present in both the Loia and Lukuga Groups as well as in the Lukuga coal 
sample. The norhopane (C29)/hopane (C30) ratio is < 0.5 in all samples, except in the Lukuga 
samples where it is 0.8 for the coal sample and 1.1 for sample 1267. The C32 22S/(22S+22R) 
ratio varies between 0.23 and 0.56 (Fig. 5.9b). Tm (C27 17(H)-22,29,30-trisnorhopane) is 
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more dominant than Ts (C27 18(H)-22,29,30-trisnorneophane) in all samples. The ratio of 
Ts/(Ts+Tm) is in all samples < 0.5 and only in the Loia samples slightly higher (0.52; Table 
5.1; Fig. 5.9a). The ratios of C31 /C30 hopane with values < 0.3, for all samples, indicate 
lacustrine rather than marine source rock depositional environments. The terpane 
assignments are given in Table 5.2 and characteristic chromatograms are shown in Figure 
5.8A-G. Table 5.1 summarizes the hopane ratios. 
C29 20S/(20S+20R) ratios vary between 0.1 and 0.55 (Fig. 5.9c; Table 5.1), with highest 
values for the Lukuga Group, especially the Lukuga coal sample. High concentrations of 24-
ethyl-5, 14, 17(H)-cholestane occur in all samples, 24-methylcholestanes being dominant 
especially in samples of the Loia Group. Measurements of C27, C28 and C29 revealed a 
dominance of the C29 steranes (Fig. 5.10). Sterane and assignments are given in Table 5.1, 
and characteristic chromatograms in Figure 5.8D-F. Table 5.2 summarizes the sterane 
ratios. Diasteranes, which are used for maturity evaluation, could only be identified for one 
sample of Lukuga Group (1267). The diasteranes/steranes ratio revealed for this sample a 
value of 0.31, the ratio of 20S/(20S+20R)13,17(H)-diasteranes is 0.6. The sterane/hopane 
ratio calculated for the Loia and Lukuga Groups revealed values between 0.09 and 1.17, with 
highest values for the Loia Group. 
 
 
Figure 5.10. Relative composition of C27, C28 and C29 
steranes in selected samples showing the relative 
abundance of C28 and C29 indicating terrestrial plants and 
aquatic matter as the main source of the OM. 
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5.6.5. Numerical 1D modeling, Dekese well 
 
All information concerning the Dekese well was adopted from the “Description du Sondage 
de Dekese” (Cahen et al., 1960) and the stratigraphic intervals and thicknesses as in the 
ECL (1988) report. Additional data on the palaeogeographic history of the area from (Daly et 
al., 1992; Giresse, 2005) were also used. For the Dekese well, a marked phase of 
subsidence was assumed for the Late Cretaceous (Cenomanian-Santonian) with deposition 
of ~ 1000 m of sediments (Fig. 5.11a). 
Calibration of this model was performed using measured vitrinite reflectance data from the 
Lukuga Group. The calculated and measured vitrinite reflectance data are shown in Figure 
5.11b. The coalification was calibrated with the measured vitrinite reflectance data leading to 
the assumption of (i) a heat flow of 68 mWm-2 at the time of maximum burial (80 Ma) (Fig. 
5.11c) and (ii) a deposited and then eroded thickness of Late Cretaceous sequences of 1000 
m. 
The maturation-, burial- and heat flow history of the Dekese well, is shown in Fig. 5.11a-e. 
The burial history shows one significant phase of subsidence (120-90 Ma). After the 
deposition of Paleozoic layers with a maximum thickness of 3000 m, rapid and important 
subsidence took place in the middle of the Late Cretaceous. The depth of the deepest 
horizon taken into account in the model (Ituri) rapidly increased up to ~ 4850 m within 11 Ma. 
At that time, the base of the Lukuga Group, for which calibration data is available, reached a 
depth of about 2600 m. After deposition of ~ 900 m of Late Carboniferous – Early Permian 
sediments of the Lukuga Group, several hundred meters of sediments were eroded during 
Middle Permian uplift. It should be noted that no exact conclusion on eroded thicknesses and 
heat flows for this period can be deduced from our data, but temperatures were definitely 
lower than those later reached during the Cretaceous. Therefore, very high heat flow and an 
erosion of several thousand meters can be excluded. Jurassic and early Cretaceous 
sediments accumulated with a thickness of a few hundred meters in total. The base of 
Lukuga Group stayed at ~ 1000 m deep. This was followed by rapid deposition of almost 
2000 m of sediments, the base of Ituri and Lukuga Groups reaching depths respectively of 
4850 and 2600 m. 
Maximum burial was reached at approx. 80 Ma (Santonian to Campanian transition), during 
which the base of the Ituri and Lukuga Groups reached respectively 175°C and 110°C, 
leading to corresponding maturities of 1.8 % and 0.8 % (Fig. 5.11d, e). The maturity level 
remained constant from the Late Cretaceous until the Present. It should be noted that 
calibration data also allow the assumption of a lower heat flow during maximum burial; in this 
case a higher eroded thickness has to be assumed. In other words: the amount of erosion 
(1000 m) is regarded as a minimum. 
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Figure 5.11. 1D model for Dekese well. (a) Burial history. (b) Measured (dots) and 
calculated (line) vitrinite reflectance of Dekese well. (c) Heat flow (mW/m²) history. (d) 
Maturity history. (e) Temperature history for Lukuga Group. Model calibration using 
heat flow as input and vitrinite reflectance as a calibration parameter. 
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5.6.6. Numerical 1D modeling, Samba well 
 
All information concerning the Samba well was adopted from Cahen et al. (1959), and the 
stratigraphic intervals and thicknesses from the ECL (1988). Additional data of the 
palaeogeographic history of the area were also used (Daly et al., 1992; Giresse, 2005). 
Similarly as for the Dekese well, a marked phase of subsidence was assumed for the Late 
Cretaceous (Cenomanian-Santonian) with rapid deposition and erosion of ~ 900 m of 
sediments (Fig. 5.12a). 
Calibration of this model was performed with assistance of the measured vitrinite reflectance 
data. The calculated and measured vitrinite reflectance data are shown in Figure 5.12b. The 
coalification was calibrated with the measured vitrinite reflectance data leading to an (i) 
assumed heat flow of 72 mWm-2 for the time of maximum burial (80 Ma) (Fig. 5.12a, c) and 
an (ii) assumed deposited and eroded thickness of the Kwango Group of 900 m (Fig. 5.12a 
A). Today this sequence is almost completely eroded, leaving only 115 m in the well. The 
burial history shows one significant main phase of subsidence which started in the Late 
Jurassic to Early Cretaceous and shifted the base of the Aruwimi Redbeds to a depth of ~ 
2850 m. For the sediments of the Stanleyville Group a depth of 2000 m could be calculated. 
At this time, the base of the Loia Group, for which calibration data is available, reached a 
depth of ~ 1600 m. After the deposition of these layers and the sediments of Bokungu Group, 
rapid deposition led to a maximum burial depth of 1800 m and temperatures of about 100°C 
for the base of Loia Group. This was followed by erosion of the Kwango Group due to uplift 
which led to a present-day depth of 1200 m for the base of Stanleyville Group, and 900 m for 
the base of Loia Group. It should be noted that calibration data also allow the assumption of 
a lower heat flow during maximum burial; in this case a higher eroded thickness has to be 
assumed. Thus the amount of erosion (about 900 m) is regarded as a minimum. 
Maximum burial was reached at 80 Ma, and base Aruwimi reached temperatures of up to 
130°C, leading to a corresponding maturity of 0.8 % VRr. Stanleyville Group reached at the 
maximum burial temperatures of 120°C (Fig. 5.12a, e). These values correspond to 
calculated maturity values of 0.7 (Fig. 5.12a, d). From the Late Cretaceous until present-day 
the maturity remained stable and present-day temperatures are at approx. 80°C. 
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Figure 5.12. 1D model for Samba well. (a) Burial history. (b) Measured (dots) and 
calculated (line) vitrinite reflectance of Samba well. (c) Heat flow (mW/m²) history. (d) 
Maturity history. (e) Temperature history for Stanleyville Group. Model calibration using 
heat flow as input and vitrinite reflectance as a calibration parameter. 
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5.7. Discussion 
 
5.7.1. Depositional environment 
 
High CaCO3 contents of the samples of the Ituri Group suggest a strong marine or lacustrine 
influence; OM could not be identified due to the low Corg contents. The Lokoma Group 
contains low amounts of CaCO3. The Aruwimi Group contains marine aquatic OM in very low 
quantities and often moderate carbonate contents, suggesting a marine depositional 
environment with a high input of hydrogen poor OM. Type III to IV kerogen indicates the 
presence of highly inert material which has been affected by a moderate- high thermal 
maturity. 
Samples of the Lukuga Group revealed a high amount of terrestrial derived OM, represented 
by Type III to IV kerogen. The low contents of carbonate lead also to the assumption of a 
terrestrial, more oxic depositional environment. The investigated coal sample of the Lukuga 
Group is a quite typical mineral-enriched coal with abundant vitrinite and sporinite. It probably 
derives from peat deposited in a wet topogenous swamp. 
The Stanleyville Group revealed a highly variable carbonate content. Samples representing 
Type I Kerogen revealed the lowest carbonate contents. This leads to the assumption of an 
aquatic (most likely lacustrine) depositional environment, but with a strong (periodic) 
influence of terrestrial OM. The depositional environment is described by Lepersonne (1977) 
as dominantly shallow lacustrine to swampy and even brackish, partly in relatively arid 
climate for the upper part of the Stanleyville Group. A thin calcareous level found at Songa 
(south of Lubumbashi) was considered as marine on the basis of fossil fishes attributed to a 
marine species, but a recent revision (Taverne, personal communication 2011) shows that 
this ichtyofauna is highly endemic and exists in both marine and continental environments. In 
the absence of clear indications for a marine connection at that time and due to the location 
of the site in the middle of the Gondwana continent, deposition of the Stanleyville Group 
under lacustrine conditions is most likely. Samples of the Loia Group show high Corg values 
with low to moderate carbonate contents, indicating a more oxic depositional environment. 
Total sulfur (TS) values were measured in some samples to provide an insight into the 
depositional environment and in particular to the the intensity of bacterial sulfate reduction 
(Berner, 1970; 1984). Under anoxic conditions, dissolved sulfate is reduced to H2S which 
reacts with iron minerals to form iron sulfides. The TS vs. Corg ratios reflect the intensity of 
microbial sulfate reduction in OM decomposition, giving a qualitative indication of the redox 
status in the depositional environment. Berner (1970, 1984) found an empirical relationship 
between sulfur content and Corg content, which is typical for most marine sediments 
deposited under aerobic bottom waters (Fig. 5.3b). 
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Moderate to high sulfur content and TS/Corg values (Fig. 5.3b) are characteristic of nearly all 
samples of the Loia, Aruwimi, and Lokoma Groups. These moderate to high ratios indicate a 
generally strong bacterial sulfate reduction. Very high TS/Corg values suggest that more OM 
is consumed via sulfate reduction than under normal marine conditions (Berner, 1984). 
Visual analysis indicates the presence of significant amounts of pyrite in the samples of 
Aruwimi Group, derived from bacterial sulfate reduction and OM oxidation. This shows that 
sufficient iron was available to fix most of the sulfur in the form of iron sulfide. Interestingly, 
very high TS/Corg values are also typical for the Aruwimi sediments, but at low Corg values 
and also low HI values. The latter indicate only poor preservation of the primary OM, i.e. no 
anoxic bottom water. Another explanation for the high TS/Corg values in these sediments 
would be a petroleum impregnation followed by (bacterial) sulfate reduction and petroleum 
oxidation. However, allochthonous solid bitumen was not observed in the samples. 
Littke et al. (1991a) and Lückge et al. (1996) showed that the consumption of part of the 
metabolized OM during early diagenesis greatly influences the quality of organic matter in 
shallow marine sediments. The bulk of the Loia samples shows high Corg and TS contents, 
but only moderate TS/Corg values. This might indicate that these samples were deposited 
under high productivity conditions, with bottom waters that were not anoxic, but only partly 
reduced in molecular oxygen. Thus sulfur uptake into the sediments occurred only in the 
freshly deposited sediment, probably at a few decimetres below the sediment, respectively 
water interface. In completely anoxic waters, sulfide precipitation and sulfur uptake into OM 
already starts within the water column, leading to high TS/Corg values (Sinninghe Damsté and 
Köster, 1998). In contrast, the samples of the Stanleyville Group revealed high amounts of 
Corg but only low to moderate sulphur contents. This could be related to a strong weathering 
of these rocks which causes an oxidation of sulphides (pyrite) (Littke et al., 1991b). 
The Lukuga Group was deposited under terrestrial conditions, as also supported by low TS 
values and TS/Corg ratios. The Lukuga coal sample revealed a low TS/Corg ratio (0.01), 
indicating a low consumption of sulphur in OM and therefore a deposition under oxic 
terrestrial conditions. Based on the relationship between Corg and TS contents, the original 
sediment composition (original OM, carbonate, silicate) before sulphate reduction was 
calculated (Fig. 5.13; Littke 1993). 
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Figure 5.13. Original sediment compositions prior to sulphate 
reduction for some of the Congo samples. 
 
As dissolved sulphate is reduced, the sulfide concentration in sediments increases and part 
of the Corg is consumed (Lückge et al., 1996; Lallier-Vergès et al., 1993). Sulfur concentration 
therefore can be used to calculate the OM content before sulfate reduction according to 
Littke (1993) (Fig. 5.13). Samples from the Stanleyville Group define trends showing that with 
an increase in silicate, the content of OM also increases. This tendency is explained as a 
consequence of a higher nutrient supply when the supply of clastic material increased in 
otherwise carbonate-dominated environments (Stein and Littke, 1990; Thurow et al., 1992). 
The samples of the Loia Group represent another system, with a high percentage of silicate 
and an increasing amount of OM with a decrease in silicate (Fig. 5.13). The high amount of 
OM reflects high bioproductivity due to a change from terrestrial to aquatic influences or a 
higher amount of preservation possibly due to anoxic to dysoxic water conditions. Samples of 
the Aruwimi and Lukuga Groups did not reveal a particular trend. They contain a high 
amount of silicate with only low to moderate amounts of OM and carbonate. This points to a 
highly terrestrial environment or to an aquatic, completely oxic environment, in which almost 
no OM was preserved. 
Microscopic observations and n-alkane patterns show that the Loia and Stanleyville Groups 
contain a mixture of predominant algal- derived respectively aquatic OM and minor terrestrial 
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OM at variable carbonate contents. Pr/n-C17 and Ph/n-C18 ratios are typical of an anoxic 
depositional environment (Fig.5.7). 
Detailed biomarker analysis was done for some samples of the Loia and Lukuga Groups 
which seem to be hardly affected by weathering. Both sample sets revealed contributions of 
trycyclic terpanes in the range of C20 to C25. These are typically evidence a contribution from 
higher plant material (Tissot and Welte, 1984). The occurrence of triterpanes reflects the 
contribution of prokaryotic membranes which are present in bacteria and blue-green algae 
(Tissot and Welte, 1984; Moldowan et al., 1985), whereas steranes originate from algae and 
higher land plants. The contribution of C30 to C31 hopanes in samples of Loia and Lukuga 
Groups is regarded as an indicator for deposition under more oxic conditions because 
otherwise, under highly reducing conditions, extended homohopanes should be present 
(Peters and Moldowan, 1991; Tyson and Pearson, 1991). 
The dominance of C29 norhopane in the Lukuga Group, as a result of preferential 
preservation in the presence of sulfur, is frequently observed in sediments with limited iron 
availability such as carbonates (Blanc and Connan, 1992) and points to an oxic character of 
the sediments. The oxic character is also supported by the C31/C30 hopane ratio which shows 
a dominance of the C31 hopane. These ratios and the dominance of C29 steranes in the 
Lukuga samples lead to the conclusion of a mainly terrestrial OM contribution. Abundance of 
hopanes shows the strong contribution of bacterial organic matter. The sterane/hopane ratio 
indicates thus a terrigenous or microbially reworked organic matter for the samples of 
Lukuga Group, especially the coal sample. 
Samples from the Loia Group show a greater input of C27 steranes, most probably derived 
from various types of algae. The abundance of both C27 and C29 steranes leads to the 
assumption of a lacustrine depositional environment for the Loia Group (Fig. 5.10). An 
explanation for the low diasteranes concentrations in all samples might be clay poor 
sediments, i.e. a carbonatic system of deposition. The low values of the C31/C30 hopane ratio 
(< 0.20) might indicate deposition under more lacustrine conditions, whereas higher values > 
0.25 represent marine shales, carbonates, and marl source rocks. The sterane/hopane ratio 
gives an idea about the organic matter input. Steranes originate mainly from algae and 
higher plants, and hopanes originate from the cell material of bacteria. The highest values of 
the Loia Group indicate the presence of algal organic matter. Sterane/hopane ratios thus 
indicate higher amounts of planctonic and/or benthic algae (Moldowan et al., 1985) for the 
Loia samples. 
Applying all of the available parameters (i.e. distribution of steranes; low diasteranes; high HI 
values; TS/Corg values), a deposition in a lacustrine environment is most likely for the most 
prominent petroleum source rocks of the Loia Group. In general, environments with an 
oversaturation of carbonate occur in warm arid climates, especially in areas where carbonate 
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rocks are eroded in the hinterland of the lake. Comparison of the depositional environment 
and kind of organic matter of Loia Group with other well- investigated sediments in Central 
and Eastern Africa revealed high similarities with sediments in Lake Tanganyika in East 
African Rift System. This is a mildly alkaline lake, where high sulphur and carbonate 
concentrations, especially high Mg and Ca concentrations, occur. The lake water displays 
thermal stratification that varies seasonally above an apparently permanently anoxic 
hypolimnion at water depth of 50 to 250 m (Cohen, 1989). Due to the strongly reducing 
anoxic bottom waters of Lake Tanganyika, accumulation of significant quantities of 
autochthonous organic carbon was possible (Cohen, 1989), in addition to allochthonous OM. 
In Lake Tanganyika the HI is as high as 600, with a primary productivity ranging from 400 to 
500 g C/m3y (Kelts, 1988). Variations in productivity are related to changes in phytoplankton 
and algae composition as well as in their (periodic) abundance (Huc et al., 1990). Lake 
Tanganyika contains a high diversity of carbonate facies within the littoral zones of the lake, 
resulting from oversaturation of Ca, alkalinity of the lake waters, the presence of biogenic 
carbonate-producing algae, and clastic sediment accumulation on littoral platforms (Cohen 
and Thouin, 1987). The quality of the OM is related to the depositional environment, which is 
a function of the rift morphology. The delivery of clastic sediments in the system is also 
controlled by the basin morphology (half graben), including canyon systems, platform ramps 
and structural highs. 
 
5.7.2. Petroleum potential and maturity 
 
The concentration of Corg in a rock is not sufficient for estimating the oil generation potential 
as was done in the previous estimations of the oil potential in the Congo Basin (ECL, 1988). 
Espitalié et al. (1985) and Peters (1986) recommended that source rocks with S2 (remaining 
potential) > 5 and 10 mg HC/g rock should be considered as having a good and very good 
source rock potential, respectively. 
Outcrop samples of the Stanleyville Group are characterized by Type I kerogen of excellent 
quality, due to their high HI values (Fig. 5.4a). Samples of the Loia Group revealed a wide 
variation in the HI and OI values, representing a mixture of Type I and II kerogen. Both 
sample sets also offer vitrinite reflectance and Tmax values, which are typical for maturity 
ranges, partly within the oil window (immature-early mature). Low PI values, showing a high 
remaining hydrocarbon generation potential, are attributed to the presence of thermally quite 
stable kerogen that has not yet reached temperatures high enough for significant petroleum 
generation. These values are supported by the n-alkane distribution patterns, which also 
revealed an immature to early mature stage of OM. Both Stanleyville and Loia Groups can 
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be regarded as excellent petroleum source rocks and could be part of a petroleum system, 
where sufficient burial and maturation occurred. 
Permo-Carboniferous sediments from the Lukuga Group (Dekese well) contain much OM, 
but only Type III to IV kerogen (Figure 5.4a), having a very minor gas generation potential. 
Tmax values indicate early mature organic matter, which is supported by vitrinite reflectance 
and PI values, although the latter indicate higher maturity than Tmax. This observation is 
tentatively explained by the presence of abundant resedimented organic matter. Outcrop 
samples from Lukuga Group in the Walikale area show similar results, but partly with higher 
maturity as indicated by vitrinite reflectance data and Tmax values. All samples contain 
hydrogen-poor Type III kerogen with low oil generation potential. The Pr/n-C17 and Ph/n-C18 
ratios confirm an early mature stage of the OM in most of these samples, and even indicate a 
more mature stage for the others. The coal sample from Kalemie has Pr/n-C17 and Ph/n-C18 
ratios (Fig. 5.7) which are characteristic for an early mature stage of the OM, supporting the 
vitrinite reflectance data. 
The Alolo shales of the Aruwimi Group, representing Type III to IV kerogen (Fig. 5.4a), 
cannot be considered as a potential oil source rock with respect to their kerogen type. 
Nevertheless, n-alkane distribution leads to the assumption of the presence of mature oil 
within these samples. It is important to note that on the basis of Corg and VRr values, the 
Alolo Shales have been considered generally as poor source rock quality (ECL, 1988). But 
ECL (1988) state that the 200 m thick ‘Middle Grey zone’ of the Alolo shales exposed along 
the lower course of the Aruwuimi River near Yambuya, yield up to 1.69 % Corg, with seven 
samples yielding 1 % Corg. They also concluded that the Alolo shales constitute a “moderate 
to good” source rock, and speculate that this unit extended over a large part of the Congo 
Basin, predicting a large generation potential. Re-analysing a total of 32 Alolo Shales 
samples from the same collection, we came to a markedly different conclusion. Our samples 
represent three different sections of the Alolo Shales: Malili-Banalia (10 samples) and 
Yambuya (18 samples) sections along the Aruwimu River and Lindi Bridge (6 samples) 
section along the Lindi River near Kisangani. Only the Yambuya section gave moderate Corg 
values, averaging 0.58 % with a maximum of 1.83 % while the other sections gave average 
values of 0.13 (Malili-Banalia) and 0.18 (Lindi Bridge). The 9 richest samples of the Yambuya 
section were analyzed by Rock-Eval, giving very low HI (27 on average) and relatively high 
OI (158 on average) (Fig. 5.4a). 
The various CPI and OEP values which were used in this study revealed values >1 for most 
samples of the Loia, Stanleyville and Lukuga Groups, indicating low thermal maturity based 
on the odd preference of the n-alkanes. 
The ratio of tricyclic terpanes/17-hopanes revealed immature to early mature OM. This ratio 
increases with increasing thermal maturity, because more tricyclic terpanes than hopanes 
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are released from kerogen at higher levels of maturity (Aquino Neto et al., 1983). Maturity as 
expressed by hopane isomerisation ratios [22S/(22S+22R)] of nearly all samples shows that 
the OM is immature to marginally mature. The Ts/Tm ratio, (18 (H)-22,29,30-
trisnorneohopane (Ts) / 17(H)-22,29,30-trisnorhopane (Tm); Table 5.2; Fig. 5.9a) is 
dependent on both thermal maturation and source lithology. During catagenesis, Tm is less 
stable than Ts; thus the ratio of Ts to Tm should increase with maturity. In our samples 
values are < 0.53, indicating immature to marginally mature OM. The marginally mature 
nature of the OM is also supported by the C29 17-norhopane/C30 17-hopane ratio, where 
norhopane is more stable than hopane during thermal maturation. 
Maturity information derived from typical sterane ratios also shows low maturity of all 
samples, i.e. the 20S/(20S+20R) values are all < 0.55. 24-ethyl-5,14,17(H)-cholestane 
(20R) is the dominant C29 sterane isomer and in general charactistic of immature source 
rocks. 
 
5.7.3. Burial and temperature history, uplift and erosion 
 
The thermal and depositional evolution of the central part of the Congo Basin was evaluated 
by 1D numerical modeling calibrated with the general geological information and the vitrinite 
reflectance data from the Dekese and Samba wells. The modeling revealed that the deepest 
burial occurred during the Late Cretaceous (around 80 Ma, Santonian to Campanian 
transition) for both wells, which is also supported by apatite-fission track results (Ulrich 
Glasmacher, personal communication 2011). In general, the calibration of a model is based 
on (i) heat flow and (ii) deposition and erosion of the sediment packages. Due to the 
intracratonic nature of the Congo Basin, high heat flows can be excluded. Therefore a high 
amount of deposited and eroded sequences is necessary to explain the vitrinite reflectance 
data. For the Dekese and Samba well, an erosion of respectively 1000 m and 900 m 
(because 150 m of Late Cretaceous sediments are left in Samba well) was assumed, leading 
to temperatures and related maturity ranges matching with the measured vitrinite reflectance 
data. The temperature and maturation history of both wells indicates that higher 
temperatures and thus deeper burial for the sediments of respectively the Loia and Lukuga 
Groups can be excluded; otherwise they would show a higher vitrinite reflectance. Based on 
vitrinite reflectance data, it is also possible to recalculate the necessary burial depth for the 
sediments of the outcrop localities. The coal sample of the Lukuga coal field near Kalemie 
revealed a vitrinite reflectance of 0.47 %, which implies a former burial of around 1500 m. In 
the cases of the outcrop samples of the Lukuga Group in the Walikale area, a deeper burial 
to about 2500 m is necessary to reach an advanced maturity level (0.7- 0.8 %VRr). This mid-
Cretaceous accelerated subsidence followed by Late Cretaceous uplift and erosion could be 
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a manifestation of the Senonian basin inversion and rejuvenation that Guiraud and Bosworth 
(1997) evidenced for most part of Africa but is not yet reported in the Congo Basin. 
The petrological investigation of the samples revealed a high amount of resedimented and 
allochthonous vitrinite and vitrinite-like particles in the Lukuga Group, typically with vitrinite 
reflectance values of 0.8- 1.1 %. This leads to the assumption of a provenance from older 
Carboniferous units containing abundant terrestrial OM. The resedimented vitrinite particles 
with a high reflectance (0.8- 1.1 %) were buried deeper (~3000- 4000 m) than those with 
lower values, and thus were exposed to higher temperatures (~100- 130°C). These 
resedimented vitrinites could stem from the eastern part of the Congo Basin, where 
Carboniferous intervals were deposited and partly eroded. This implies a deep burial for the 
Carboniferous sediments in this area with later erosion. Because of the absence of terrestrial 
land plants before the Devonian and high abundance of terrestrial OM being typical for the 
Carboniferous, these sediments are preferred as source for the resedimented vitrinites in the 
Lukuga Group in the wells of the Central Congo Basin. 
 
5.8. Conclusions 
 
Our data revealed two potential source rocks in the Congo Basin: sediments of the Loia and 
Stanleyville Groups. All of the Pre-Mesozoic sediments contain only a small amount of OM. 
Only the Lukuga Group has a higher amount of OM, which has at best a very minor gas 
generation potential. The high Corg content of the Loia and Stanleyville Groups is due to high 
bioproductivity of aquatic OM (algal and phytoplankton) and its preservation. Anoxic to 
dysoxic bottom water conditions are interpreted for these Groups due to the Pr and Ph 
values. Clearly, the aquatic OM of Loia Group strongly contributed to the total OM. The 
amount of alginite and the HI values are high, accompanied by the presence of components 
in extractable hydrocarbons which are indicative of algal OM. In addition, hydrogen poor OM 
is also abundant, mainly in a mixture with the algal derived material. Especially the 
sediments of Lokoma and Aruwimi Groups show this mixture, but also some samples of the 
Stanleyville Group. Clear indications of terrestrial input in these Groups are the high CPI 
values of long chain n-alkanes and the petrological composition. 
All of the Mesozoic and Paleozoic source rocks show an early maturity, partly within the oil 
window (Stanleyville and Loia Groups), which is indicated by Tmax and vitrinite reflectance 
values. Based on the vitrinite reflectance data and the geological setting, a former burial of 
1600 m for the sediments of the Loia Group is probable. The abundance of allochthonous 
and resedimented vitrinite in the Lukuga Group leads to the assumption of redeposition of 
terrestrial OM of Carboniferous sediments. Based on vitrinite reflectance data the sediment 
outcrops of Lukuga Group at Walikale area, eastern margin of the Congo Basin, has been 
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buried to 2500 m depth. The resedimented vitrinite particles in the Lukuga Group at Dekese 
well even suggest burial to 3000- 4000 m of now eroded Carboniferous (and Devonian) rocks 
at the eastern basin margin. 
Due to the kind and quality of the OM of the Loia and Stanleyville Groups these sediments 
can be regarded as excellent potential source rocks. Taking into account the early mature 
range and the burial history of wells Dekese and Samba, we conclude that exploration for 
conventional oil should focus on positions in the basin where the Late Jurassic to Early 
Cretaceous sequence has reached greater maturity than in case of the areas studied here. 
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5.10. Tables 
 
Table 5.1. N-alkane and biomarker ratios. 
Sample 
No 
Group 
or/and 
Unit 
Pr/ nC17/ CPI (Bray 
&  
Evans
, 
1961) 
CPI 
(Philippi, 
1965) 
OEP 
Ts/ Norhopane (C29)/ 
C32 22S/ 
C31 22R/   
C30 
C29 20S/ 
Steranes
/ Tricyclic/
Well Ph nC27 (Ts+Tm) 
Hopane 
(C30) 
(22S+22R) (20S+20R) Hopanes 17-hopane 
155 
Lukuga; F 
1.35 2.16 1.64 3.4 3.24 N/A N/A N/A N/A N/A N/A N/A 
Dekese (Dwyka) 
147 
Lukuga; F 
0.81 2.96 1.6 2.88 2.79 N/A N/A N/A N/A N/A N/A N/A 
Dekese (Dwyka) 
162 
Lukuga; F 
N/A 0.7 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Dekese (Dwyka) 
1240 Aruwini Alolo 1.25 12.64 1 1.13 1.16 N/A N/A N/A N/A N/A N/A N/A 
1242 Aruwini Alolo N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
1264 Lukuga 
W3 
1.88 10.35 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A (Upper 
Dwyka) 
1267 Lukuga 
W3 
1.73 5.51 1.25 1.75 1.84 0.14 1.1 0.56 0.31 0.47 0.1 N/A (Upper 
Dwyka) 
301 Loia; Samba  N/A N/A N/A N/A N/A 0.52 0.24 0.49 0.18 0.28 0.39 0.24 
303 Loia; Samba  0.37 0.93 1.53 1.91 1.93 0.51 0.34 0.23 0.14 0.11 0.48 0.44 
1204 Loia; Samba  0.58 1.3 1.44 1.6 1.55 0.3 0.24 0.37 0.19 0.19 0.54 0.17 
1205 Loia; Samba  N/A N/A N/A N/A N/A 0.37 N/A 0.23 N/A 0.24 1.17 N/A 
314 
Lukuga; 
Coal 
Field 
Coal 
3.81 0.65 2.84 2.99 3.3 0.43 0.8 0.32 0.29 0.55 0.09 N/A 
seam 
315 
Stanley- Wania-
rukula 1.14 5.45 0.83 1.91 1.83 N/A N/A N/A N/A N/A N/A N/A ville 
317 
Stanley- 
Oviataku 0.54 2.56 1.6 2.39 2 N/A N/A N/A N/A N/A N/A N/A 
ville 
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Table 5.2. Identified tricyclic terpanes, hopanes, and steranes. 
 
Tricyclic Terpanes (m/z -191)  
a 13 (methyl)-Tricyclic terpane C19H34 
b 13, 14-Tricyclic terpane C20H36 
c 13, 14-Tricyclic terpane C20H36 
d 13, 14-Tricyclic terpane C20H36 
e 13, 14-Tricyclic terpane C20H36 
f 13, 14-Tricyclic terpane C21H38 
g 13, 14-Tricyclic terpane C21H38 
h 13, 14-Tricyclic terpane C21H38 
i 13, 14-Tricyclic terpane C21H38 
j 13, 14-Tricyclic terpane C22H40 
k 13, 14-Tricyclic terpane C22H40 
l 13, 14-Tricyclic terpane C23H42 
m 13, 14-Tricyclic terpane C20H36 
n 13, 14-Tricyclic terpane C24H44 
o 13, 14-Tricyclic terpane C24H44 
p Tetracyclic Terpane C23H40 
q 13, 14-Tricyclic terpane C25H46 
r 13, 14-Tricyclic terpane C25H46 
s Tetracyclic Terpane C24H42 
t 13, 14-Tricyclic terpane C26H48 
u 13, 14-Tricyclic terpane C26H48 
v 13, 14-Tricyclic terpane C26H48 
Hopanes (m/z -191)  
1 18(H)-22,29,30-Trisnorneohopane  (Ts) 
2 17(H)-22,29,30- Trisnorhopane (Tm) 
3 17(H), 21(H)-28,30-bisnorhopan 
4 17(H),21(H)-30-Norhopane 
5 17(H),21 (H)-30-Norhopane 
6 17(H),21(H)-Hopane 
7 17(H),21(H)-30-Norhopane 
8 17(H),21(H)-Hopane 
9 (22S)-17(H),21(H)-29-Homohopane 
10 (22R)-17(H),21(H)-29-Homohopane 
11 17(H), 21(H)-Homohopane 
12 17(H), 21(H)-hopane 
13 (22S)-17(H),21(H)-29-Dihomohopane 
14 (22R)-17(H),21(H)-29-Dihomohopane 
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Steranes (m/z 217– and -218)  
A (20S)-5(H),14(H),17(H)- Cholestane 
B (20R)-5(H),14(H),17(H)- Cholestane 
C (20S)-24-Methyl-5(H),14(H),17(H)- 
Cholestane 
D (20R)-24-Methyl-5(H),14(H),17(H)- 
Cholestane 
E (20S)-24-Methyl-5(H),14(H),17(H)- 
Cholestane 
F (20S)-24-Ethyl-5(H),14(H),17(H)- Cholestane 
G (20R)-24-Ethyl-5(H),14(H),17(H)- Cholestane 
H (20S)-24-Ethyl-5(H),14(H),17(H)- Cholestane 
I (20R)-24-Ethyl-5(H),14(H),17(H)- Cholestane 
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6. Final Conclusions 
 
In this chapter, a summary of conclusions obtained from the individual studies in chapters 2-
5 are compiled to a synthesis about the depositional environment, the maturity range of the 
organic matter and the petroleum generation potential of several potential source rocks in 
Morocco and the Central Congo Basin. 
 
6.1. Depositional environment 
 
Five high quality source rock intervals were identified in the Tarfaya region: Eocene, 
Coniacian, Santonian, Turonian, and Cenomanian age. Palaeozoic rocks in the Bas Draa 
area and northwestern Zag-Tindouf Basin contain only small amounts of OM; the same 
applies to Jurassic sediments from the Agadir area (Fig. 6.1). This observation does not, 
however, exclude possible pre-Late Cretaceous source rocks in the Tarfaya Basin. The 
depositional environment for Late Cretaceous sediments in the Tarfaya Basin was 
determined as marine with strong bioproductivity and preservation based on upwelling zones 
and oxygen deficient bottom waters (Fig. 6.1). For explanation of deposition of organic 
matter-rich sediments a combination of restricted water circulation and high productivity is 
most likely. Due to the fact that little terrestrial organic matter is present, nutrients were 
probably not predominantly derived from riverine input, but related to upwelling of nutrient-
rich oceanic waters, similarly to the present-day situation. The high content of organic carbon 
mainly represents alginite in kerogen, determined to kerogen I to II (Figs. 6.2, 6.3), with high 
HI values and biological markers characteristic for algae and phytoplankton. Higher 
contributions of vitrinite are indicated in samples of the Eocene and Lower Cretaceous 
(Albian) samples, indicating a change in the depositional environment with an increasing 
contribution of terrestrial plant material. Deposition under oxygen-deficient bottom waters 
was also detected for Pliensbachian samples from the central Middle Atlas. The moderate to 
high Corg contents at the locality Aït Moussa are mainly due to high phytoplankton 
bioproductivity accompanied by advanced preservation. The corresponding kerogen type is I 
to II (Fig. 6.3a, b). In contrast to the marine dominated depositional environments in the 
Tarfaya Basin and the Middle Atlas, a deposition under marine conditions can be excluded 
for the sediments of the Central Congo Basin. The two potential source rocks of the Central 
Congo Basin (Loia and Stanleyville Group) revealed a moderate to high Corg content, as a 
consequence of high bioproductivity of aquatic OM (algal to phytoplankton) and its 
preservation under anoxic to dysoxic bottom water conditions. High amounts of alginite were 
observed, that correspond to high HI values, especially for the sediments of the Loia Group, 
but less for the Stanleyville Group. The application of available parameters (i.e., distribution 
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of steranes, low diasteranes, high HI values, and TS/Corg values; Fig. 6.1) supports the 
conclusion that deposition of the Loia Group in a lacustrine environment is most likely. Based 
on observed higher influence of land derived organic matter, terrestrial conditions are likely 
for the Stanleyville Formation. Pre-Mesozoic sediments, for example the Lukuga Group, 
were determined as terrestrial deposited (Fig. 6.1). 
 
 
 
Figure 6.1. TS vs Corg as indicator for depositional environment for all samples 
presented in this study. 
 
6.2. Maturity 
 
The investigated samples in the Tarfaya Basin in Morocco are clearly immature, or at least in 
an early mature range. This is supported by vitrinite reflectance data, Rock-Eval pyrolysis 
and biomarker analysis. Based on the vitrinite reflectance data and the reconstructed 
geological setting, a burial depth of about 2 km for the Cretaceous sediments investigated is 
possible. 
Pliensbachian sediments are at a moderatly advanced maturity stage, situated within the oil 
window. Peak oil generation has not been reached yet, as indicated by high HI values of 
some samples and the bright, yellow fluorescence of alginite. The maturity range is further 
indicated by several biomarker parameters, Tmax values and vitrinite reflectance values (Fig. 
6.2). 
The Stanleyville and Loia Group of the Central Congo Basin show vitrinite reflectance and 
Tmax values that are typical for maturity ranges, which are partly within the oil window 
(immature-early mature; Fig. 6.2). Low PI values showing a high remaining hydrocarbon 
generation potential and are attributed to the presence of thermally quite stable kerogen that 
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has not reached temperatures high enough for significant petroleum generation so far. In 
general, all of the Mesozoic and Paleozoic source rocks show an early maturity stage. In 
some cases resedimented vitrinites cause apparently higher maturity stages, for example in 
the Lukuga Group, which contains a high amount of resedimented vitrinite, explaining the 
overestimated maturity range. 
 
 
 
Figure 6.2. Maturity paramters Tmax and VRr (%) for measured samples presented 
in this study. 
 
6.3. Petroleum generation potential 
 
In the Tarfaya Basin the main limitation of petroleum generation is the shallow burial depths 
of potential source rock sediments, which does not lead to temperatures required for 
effective petroleum generation. Same applies for potential source rocks in the Central Congo 
Basin. In contrast, in the area Aït Moussa an effective petroleum source rock was 
recognized. Required temperatures for petroleum generation of this carbonate system, were 
reached. This is supported by a 1D model (PetroMod) that was used to reconstruct the 
region`s maturity and temperature history as well as bulk kinetic parameters. The 1D model 
further points out, that significant oil generation and migration can be expected especially in 
areas of deeper burial. 
Another critical factor, especially for the Tarfaya Basin, is the distribution of organic rich 
sediments, as e.g. shown for the Santonian sediments. In these sediments a decrease of 
organic carbon content towards the east (hinterland) is coupled with a decrease of the quality 
of the organic matter due to higher input of land derived organic matter. It is most likely, that 
this distribution concerning the quality and quantity of organic matter is also given for other 
6. Final Conclusions 
  136 
 
Late Cretaceous units. The occurrence of organic- rich sequences is therefore restricted to 
areas, where ideal conditions for organic matter accumulation and its effective preservation 
existed during Late Cretaceous times. Such ideal conditions are known to have occurred 
ocean-wide in the Cenomanian to Turonian, but were regionally limited in Late Cretaceous. 
Despite the immaturity of the Late Cretaceous organic matter in the Tarfaya Basin, these 
units likely represent unconventional petroleum ressources due to their thickness, the high 
content of organic carbon, and the excellent quality of the organic matter of kerogen type I-II 
(Fig. 6.3 a,b). 
Indications for a currently active petroleum system in Early Cretaceous rocks of the Tarfaya 
basin are high PI values and unusual TS/Corg values (Fig. 6.1). Whether some older pre-
Cretaceous source rocks or lateral migration from deeper, more mature Cretaceous source 
rocks have contributed to this petroleum system remains open. Such mechanisms may also 
explain oil shows in Jurassic sediments in well Cap Juby. 
The siliciclastics dominated sediments of the Central Congo Basin revealed two potential 
source rock sediments (Loia and Stanleyville Group), which were deposited under lacustrine 
conditions. Based on vitrinite reflectance data and the reconstructed geological setting, a 
maximum burial depth of 1600 m for the Loia Group is possible. Resedimented vitrinite 
particles from the Lukuga Group in the Dekese well even suggest a burial depth of 3000-
4000 m of the now eroded Carboniferous and Devonian rocks at the eastern basin margin. 
However, based on the quality and quantity of organic matter, the sediments of Lukuga 
Group are at best, gas prone. Taking the early maturity ranges and the burial history of the 
investigated Dekese and Samba well sediments into account, conventional hydrocarbon 
exploration is recommended for basin parts where the Late Jurassic to Early Cretaceous 
sequence have reached higher maturity than in the studied area. 
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Figure 6.3. Bulk geochemical parameters presenting kerogen quality and 
petroleum generation potential of measured samples presented in this study. 
 
 
6.4. Outlook 
 
The principal goal was to study organic matter- rich sedimentary rocks in order to quantify 
petroleum generation potential and thermal maturity for two regions: the coastal area of the 
Tarfaya Basin, Morocco, and the intracontinental Central Congo Basin. In both areas a 
significant charge risk exists, because proven excellent source rocks are too immature for 
petroleum generation and because deeper and older source rocks are either of lower quality 
(Central Congo Basin) or their existence is not proven (Tarfaya Basin).  
Based on the presented geochemical and petrological investigation the study areas in 
Morocco, NW Africa are well-suited for further petroleum exploration. The upwelling zones at 
the Late Cretaceous Moroccan palaeo-coast resulted in high accumulations of well-
preserved organic carbon. Based on the source rock thicknesses, and the quality and 
quantity of organic matter, this area forms an excellent unconventional petroleum source. 
Further petroleum exploration should focus on those parts of the basin, where the Late 
Cretaceous sediments are buried deeper. Based on maturity data measured in this study, 
Late Cretaceous sediments are not mature onshore, but possibly in some offshore areas if 
buried deep enough. Available seismic data indicate, however, no deeper burial offshore. 
Thus petroleum exploration should take possible Jurassic source rocks into account, which 
are assumed as sources for oil shows in well Cap Juby. Pliensbachian to Toarcian 
sediments, deposited in basins at the southern realm of the Tethys, also provide high Corg 
contents with a high quality kerogen that locally already expelled hydrocarbons. Especially 
the Aït Moussa area clearly shows the source rock quality in this and most likely also in 
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similar basin systems of the Moroccan Atlas. Furture exploration thus should focus on basin 
systems with Pliensbachian and Toarcian depocenters in Morocco. 
The study of the Central Congo Basin, Central Africa, reveals a high potential for well-
developed petroleum systems. The high quality and quantity of the organic matter in the Loia 
and Stanleyville (with respect to gas generation also Lukuga Group) Groups indicates 
excellent source rock quality and supports the idea of further exploration. However, 
exploration should focus on areas where these source rocks have reached a higher maturity 
than the sample set studied here. 
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8. Appendix 
 
8.1. Elemental analysis data for the outcrop samples from the Tarfaya Basin, Morocco. 
 
Sample Age 
Out-
crop 
Lat. Long. 
Corg 
(%) 
Ctotal 
(%) 
TS 
(%) 
CaCO3 
(%) 
Fe 
(%) 
V/ 
(Ni+V) 
09/680 Eocene  26° 12.085` N 13° 54.611` W 0.32 2.19  15.59   
09/681 Eocene  26° 12.086` N 13° 54.612` W 0.60 1.11 0.21 4.30   
09/682 Eocene  26° 36.663` N 13° 42.480` W 1.01 9.67 0.58 72.15 0.52 0.84 
09/683 Eocene  26° 36.638 N` 13° 42.465` W 3.29 5.37  17.33 0.51 0.81 
09/684 Eocene  26° 36.602` N 13° 42.419` W 1.96 2.63  5.58   
09/685 Eocene  26° 36.602` N 13° 42.419` W 2.29 3.49  10.04 0.53 0.84 
09/686 Eocene 1 26° 36.601` N 13° 42.413` W 7.20 8.42  10.24 0.12 0.57 
09/687 Eocene  26° 36.596` N 13° 42.409` W 2.75 3.88  9.44 1.2 0.85 
09/688 Eocene  26° 36.588` N 13° 42.405` W 1.68 2.53  7.06   
09/689 Eocene  26° 36.584` N 13° 42.404` W 0.32 0.99  5.61   
09/690 Eocene  27° 56.875` N 12° 17.144` W 0.50 4.13  30.17   
09/705 Eocene  26° 39.722` N 12° 56.314` W 3.54 11.62 0.74 67.31   
09/706 Eocene  26° 39.730` N 12° 56.332` W 3.34 12.96 0.83 80.18 0.21 0.25 
09/707 Eocene  26° 39.731` N 12° 56.324` W 4.47 9.28 1.51 40.05   
09/729 Eocene  26° 40.718` N 12° 35.347` W 0.06 0.11  0.45   
09/674 Campanian  27° 43.494` N 12° 54.341` W 0.80 9.60 0.75 73.27 0.44 0.37 
09/675 Campanian  27° 43.496` N 12° 54.322` W 1.67 10.93  77.17 0.41 0.34 
09/676 Campanian 4 27° 43.433` N 12° 54.101` W 2.05 11.27  76.83 0.29 0.45 
09/691 Campanian  28° 04.796` N 11° 59.008` W 0.08 11.49  95.02   
09/692 Campanian  28° 04.598` N 11° 58.858` W 0.37 10.26  82.37 0.26 0.74 
09/723 Santonian  26° 40.570` N 12° 21.048` W 0.36 3.83  28.85   
09/724 Santonian  26° 41.127` N 12° 24.316` W 0.17 10.55  86.46   
09/725 Santonian  26° 41.122` N 12° 24.321` W 0.31 7.18  57.23   
09/726 Santonian  26° 41.154` N 12° 24.377` W 0.51 8.52 0.06 66.71   
09/727 Santonian  26° 41.160` N 12° 24.387` W    0.00   
09/728 Santonian  26° 41.164` N 12° 24.423` W 0.31 10.60  85.72   
09/693 Coniacian  27 59.864’ N 12° 07.235´ W 6.10 12.46  52.97   
09/694 Coniacian  27° 59.864` N 12° 07.230` W 2.31 11.30 0.93 74.86   
09/695 Coniacian  27° 59.865` N 12° 07.203` W 5.21 10.81  46.61   
09/696 Coniacian  27° 59.864` N 12° 07.189` W 6.99 14.00 1.53 58.39   
09/697 Coniacian 3 27° 59.864`N 12° 07.189` W    0.00   
09/698 Coniacian  27° 59.865`N 12° 07.180` W 1.09 10.96 0.35 82.21   
09/699 Coniacian  27° 59.862` N 12° 07.172` W 7.02 11.89 1.25 40.59   
09/700 Coniacian  27° 59.859` N 12° 07.167` W 4.33 10.08  47.86   
09/701 Coniacian  27° 59.858` N 12° 07.165` W 5.63 12.24  55.08   
09/702 Coniacian  27° 59.862` N 12° 07.158` W 4.58 12.48  65.80   
09/703 Coniacian  27° 59.858`N 12° 07.152` W 0.61 10.01 0.12 78.30   
09/704 Coniacian  27° 59.856` N 12° 07.147` W 0.75 6.87  51.05   
09/679 Coniacian  26° 50.583` N 13° 03.926` W 1.56 2.26 2.14 5.84   
09/770 Turonian  28° 12.161` N 11° 46.892` W 8.54 12.14 2.01 30.03 0.89 0.75 
09/771 Turonian  28° 12.160` N 11° 46.890` W 5.86 12.15  52.43   
09/772 Turonian  28° 12.167` N 11° 46.893` W 7.79 15.10 1.14 60.89 0.28 0.62 
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09/773 Turonian  28° 12.170` N 11° 46.893` W 4.81 12.03  60.11   
09/774 Turonian  28° 12.171` N 11° 46.900` W 5.06 12.88 0.85 65.11 0.19 0.54 
09/775 Turonian  28° 12.170` N 11° 46.902` W 7.35 13.02  47.20   
09/776 Turonian  28° 12.172` N 11° 46.901` W 3.90 12.38 0.49 70.63 0.26 0.57 
09/709 
Cenomanian/ 
Turonian 
 26° 37.992` N 11° 58.721` W 0.05 11.27  93.44   
09/710 
Cenomanian/ 
Turonian 
 26° 37.996` N 11° 58.731` W 0.08 12.04  99.62   
09/711 
Cenomanian/ 
Turonian 
 26° 38.001` N 11° 58.737` W 0.34 11.04  89.15 0.27 0.17 
09/720 
Cenomanian/ 
Turonian 
 26° 34.662` N 12° 14.792` W 0.12 11.97  98.69   
09/721 
Cenomanian/ 
Turonian 
 26° 34.681` N 12° 14.790` W 0.07 9.49  78.45   
09/722 
Cenomanian/ 
Turonian 
 26° 34.681` N 12° 14.697` W 0.32 10.28  82.98   
09/730 
Cenomanian/ 
Turonian 
 26° 55.175` N 12° 12.043` W 0.06 11.08  91.84   
09/731 
Cenomanian/ 
Turonian 
 26° 55.178` N 12° 12.017` W 0.18 12.06  98.95   
09/732 
Cenomanian/ 
Turonian 
 26° 55.144` N 12° 12.011` W 0.24 10.85  88.38   
09/733 
Cenomanian/ 
Turonian 
 26° 55.144` N 12° 12.012` W 0.41 2.19  14.86 0.75 0.26 
09/734 
Cenomanian/ 
Turonian 
 26° 55.493` N 12° 12.567` W 0.26 9.19  74.39   
09/735 
Cenomanian/ 
Turonian 
 26° 55.510` N 12° 12.583` W 0.29 9.93  80.30 0.38 0.26 
09/736 
Cenomanian/ 
Turonian 
 26° 55.547` N 12° 12.595` W 0.27 11.18  90.88 0.14 0.28 
09/777 
Cenomanian/ 
Turonian 
 28°09.752` N 11° 38.248` W 0.07 0.09  0.14   
09/778 
Cenomanian/ 
Turonian 
 28° 09.618` N 11° 38.295` W 0.12 9.61 0.05 79.13   
09/779 
Cenomanian/ 
Turonian 
 28° 09.591` N 11° 38.315` W 0.38 0.85  3.93   
09/654 
Cenomanian/ 
Turonian 
 28° 02.429` N 9° 16.176` W 0.04 0.05  0.11   
09/655 
Cenomanian/ 
Turonian 
 28° 02.410` N 9° 16.434` W 0.03 0.29  2.17   
09/668 Cenomanian  28° 00.275` N 12° 28.681` W 14.48 17.21  22.74   
09/669 Cenomanian  28° 00.275` N 12° 28.676` W 11.32 16.04  39.32 0.16 0.48 
09/670 Cenomanian  28° 00.274` N 12° 28.654` W 15.57 18.79 2.33 26.82   
09/671 Cenomanian 2 28° 00.279` N 12° 28.645` W 16.79 19.89  25.82   
09/672 Cenomanian  28° 00.285` N 12° 28.633` W 10.05 17.50 2.16 62.06 0.11 0.53 
09/673 Cenomanian  28° 00.282` N 12° 28.620 W 8.29 15.50 1.34 60.07 0.38 0.72 
09/749 Albian  28° 17.167` N 11° 32.291` W 0.06 0.09  0.18   
09/750 Albian  28° 17.491` N 11° 32.288` W 0.50 3.04  21.15   
09/751 Albian  28° 17.634` N 11° 32.592` W 0.31 0.47  1.38   
09/752 Albian  28° 17.613` N 11° 32.633` W 0.38 0.49  0.92   
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09/753 Albian  28° 17.611` N 11° 32.625` W 0.51 0.76 0.77 2.02   
09/754 Albian  28° 17.611` N 11° 32.626` W 0.57 0.67  0.82   
09/755 Albian  28° 17.612` N 11° 32.623` W 0.65 0.87  1.87   
09/756 Albian  28° 17.609` N 11° 32.623` W 0.28 0.30  0.16   
09/757 Albian  28° 17.607` N 11° 32.627` W 0.33 2.81 0.52 20.63   
09/758 Albian  28° 17.613` N 11° 32.619` W 0.27 3.68 0.08 28.45   
09/759 Albian  28° 17.609` N 11°32.617` W 0.41 2.53  17.59   
09/667 Cretaceous  28° 06.312` N 9° 18.580` W 0.04 0.11  0.64   
09/708 Cretaceous  26° 37.704` N 11° 52.787` W 0.04 0.08  0.40   
09/714 
Lower 
Cretaceous 
 27° 01.839` N 12° 00.275` W 0.13 11.94  98.41   
09/715 
Lower 
Cretaceous 
 27° 01.861` N 12° 00.279` W 0.22 10.04  81.83   
09/716 
Lower 
Cretaceous 
 27° 01.870` N 12° 00.287` W 0.13 11.83  97.47   
09/717 
Lower 
Cretaceous 
 27° 07.264` N 11° 52.754` W 0.33 9.96  80.25   
09/718 
Lower 
Cretaceous 
 27° 07.297` N 11° 52.735` W 0.11 0.19  0.67   
09/719 
Lower 
Cretaceous 
 27° 07.313` N 11° 52.752` W 0.41 1.40  8.17   
09/737 
Lower 
Cretaceous 
 27° 07.131` N 11° 34.571` W 0.02 0.03  0.11   
09/738 
Lower 
Cretaceous 
 27° 07.115` N 11° 34.595` W 0.03 0.04  0.09   
09/760 
Lower 
Cretaceous 
 28° 16.302` N 11° 30.265` W 0.26 0.47  1.75   
09/761 
Lower 
Cretaceous 
 28° 16.269` N 11° 30.249` W 0.03 0.04  0.06   
09/762 
Lower 
Cretaceous 
 28° 16.271` N 11° 30.249` W 0.05 0.05  0.02   
09/763 
Lower 
Cretaceous 
 28° 16.319` N 11° 30.252` W 0.38 3.33  24.56   
09/764 
Lower 
Cretaceous 
 28° 40.569` N 11° 07.457` W 0.26 6.37 0.44 50.85   
09/765 
Lower 
Cretaceous 
 28° 40.635` N 11° 07.341` W 0.24 4.85  38.44   
09/766 
Lower 
Cretaceous 
 28° 40.622` N 11° 07.341` W 0.16 3.41  27.10   
09/767 
Lower 
Cretaceous 
 28° 40.622` N 11° 07.341` W 0.42 5.16 0.11 39.53   
09/768 
Lower 
Cretaceous 
 28° 40.616` N 11° 07.341` W 0.39 5.66  43.88   
09/769 
Lower 
Cretaceous 
 28° 40.600` N 11° 07.349` W 0.42 1.86  12.02   
09/780 Jurassic  30° 33.763` N 9°32.67` W 0.07 9.31  76.95   
09/781 Jurassic  30° 33.962` N 9° 32.253` W 0.06 11.51 0.05 95.37   
09/782 Jurassic  30° 35.325` N 9° 31.875` W 0.09 7.70  63.39   
09/783 Jurassic  30° 35.607` N 9° 31.666` W 0.13 11.39  93.81   
09/784 Jurassic  30° 35.876` N 9° 30.559` W 0.06 7.53 0.10 62.24   
8. Appendix 
  156 
 
09/785 Jurassic  30° 36.007` N 9° 29.535` W 0.06 7.49  61.93   
09/786 Jurassic  30° 36.173` N 9° 29.663` W 0.12 4.28  34.69   
09/787 Jurassic  30° 37.353` N 9° 30.320` W       
09/788 Jurassic  30° 37.769` N 9° 30.667` W 0.04 6.16 0.07 50.91   
09/789 Jurassic  30° 38.886` N 9° 31.176` W 0.02 3.74  30.99   
09/790 Jurassic  30° 39.442` N 9° 28.988` W 0.08 8.62  71.13   
09/791 Jurassic  30° 40.343` N 9° 28.940` W 0.04 11.72 0.16 97.31   
09/650 Namurian  28° 21.925` N 9° 21.631` W 0.04 0.12  0.68   
09/651 Late Namurian  28° 09.674` N 9° 18.470` W 0.05 0.37  2.71   
09/652 Late Namurian  28° 09.674` N 9° 18.470` W 0.03 0.05  0.10   
09/653 Late Namurian  28° 09.674` N 9° 18.470` W 0.01 0.04  0.19   
09/658 Vise  28° 22.913` N 9° 29.389` W 0.50 0.61  0.94   
09/644 
Upper 
Carboniferous. 
Vise 
 28° 24.106` N 9° 23.940` W 0.04 7.82 0.08 64.84   
09/645 
Upper 
Carboniferous. 
Vise 
 28° 24.106` N 9° 23.940` W 0.05 11.84 0.14 98.25   
09/646 
Upper 
Carboniferous. 
Vise 
 28° 24.106` N 9° 23.940` W 0.03 0.06  0.27   
09/647 Lower Vise  28° 25.045` N 9° 24.598` W 0.06 0.61  4.55   
09/648 Lower Vise  28° 31.444` N 9° 24.044` W 0.13 0.17  0.34   
09/641 
Late 
Famennian/ 
Tournai 
 28° 27.529` N 9° 21.689` W 0.07 0.21  1.10   
09/642 
Late 
Famennian/ 
Tournai 
 28° 27.529` N 9° 21.689` W 0.02 0.57  4.59   
09/643 
Late 
Famennian/ 
Tournai 
 28° 27.529` N 9° 21.689` W 0.01 2.00  16.52   
09/712 Devonian  26° 49.314` N 11° 46.901` W 0.04 11.88  98.59   
09/739 Devonian  27° 01.477` N 11° 33.536` W 0.11 0.16  0.37   
09/649 
Upper 
Devonian 
 28° 31.430` N 9° 24.005` W 0.38 0.46 1.55 0.69   
09/659 
Upper 
Devonian 
 28° 37.509` N 9° 24.020` W 0.06 10.42  86.33   
09/660 
Upper 
Devonian 
 28° 37.509` N 9° 24.020` W 0.06 0.12  0.54   
09/661 
Upper 
Devonian 
 26° 52.390` N 9° 52.139` W 0.04 0.11  0.56   
09/662 
Upper 
Devonian 
 26° 52.390` N 9° 52.139 ` W 0.02 0.07  0.44   
09/663 
Upper 
Devonian 
 26° 52.384` N 9° 52.148` W 0.02 0.05  0.25   
09/664 
Upper 
Devonian 
 26° 52.473` N 9° 52.249` W 0.05 0.11  0.48   
09/665 
Upper 
Devonian 
 26° 52.506` N 9° 52.234` W 0.03 0.14  0.97   
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09/666 
Upper 
Devonian 
 26° 52.506` N 9° 52.234` W 0.05 0.25  1.68   
09/740 
Upper 
Devonian 
 26° 35.065` N 11° 26.056` W 0.16 0.70  4.47   
09/713 
Middle 
Devonian 
 26° 48.923` N 11° 48.678` W 0.06 1.63  13.01   
09/741 
Middle 
Devonian 
 26° 34.092` N 11° 25.417` W 0.05 10.54  87.42   
09/742 
Middle 
Devonian 
 26° 34.167` N 11° 25.417` W 0.03 11.25  93.43   
09/743 
Upper 
Ordovician 
 26° 34.888` N 11° 25.611` W 0.03 1.32  10.69   
09/744 
Upper 
Ordovician 
 26° 35.179` N 11° 26.280` W 0.09 0.92  6.90   
09/745 
Upper 
Ordovician 
 26° 38.220` N 11° 26.641` W 0.04 1.22  9.79   
09/746 
Upper 
Ordovician 
 26° 40.843` N 11° 28.674` W 0.16 4.23  33.94   
09/747 
Upper 
Ordovician 
 26° 41.847` N 11° 32.264` W 0.04 0.06  0.17   
09/748 
Upper 
Ordovician 
 26° 43.326` N 11° 36.553` W 0.06 0.10  0.35   
09/636 
Upper 
Ordovician 
 28° 43.598` N 9° 27.904` W 0.05 0.07  0.18   
09/637 
Lower 
Ordovcian 
 28° 49.743` N 9° 31.618` W 0.05 0.08  0.21   
09/638 
Lower 
Ordovcian 
 28° 49.743` N 9° 31.618` W 0.05 0.12  0.56   
09/639 
Lower 
Ordovcian 
 28° 49.743` N 9° 31.618` W 0.15 0.25  0.82   
09/640 
Lower 
Ordovcian 
 28° 43.668` N 9° 27.964` W 0.01 0.02  0.04   
09/656 
Lower 
Ordovcian 
 29° 01.727` N 8° 54.064` W 0.11 1.19  9.02   
09/657 
Lower 
Ordovcian 
 29° 01.727` N 8° 54.064` W 0.12 0.99  7.25   
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8.2. Elemental analysis data for the samples of Tarfaya Sondage No.2, Morocco. 
 
Sample 
No 
Depth (m) Corg (%) Ctotal (%) CaCO3 (%) TS (%) TS/Corg 
1156 27.62-27.64 6.11 14.91 73.29 1.03 0.17 
1134 27.79-27.83 6.35 15.02 72.20 1.27 0.20 
1211 27.93-28.02 7.87 15.68 65.07 1.31 0.17 
1230 28.17-28.21 9.85 17.02 59.76 1.45 0.15 
1232 28.36-28.40 12.34 18.34 49.98 1.74 0.14 
1236 28.55-28.59 8.59 14.09 45.85 1.67 0.19 
1197 28.67-28.71 7.92 15.39 62.19 1.42 0.18 
1229 28.74-28.78 10.35 17.03 55.64 1.54 0.15 
1226 28.93-28.97 10.55 16.98 53.56 1.50 0.14 
1228 29.1-29.4 11.56 18.49 57.73 1.50 0.13 
1237 29.29-29.34 10.87 15.75 40.65 1.62 0.15 
1205 29.48-29.52 11.87 17.39 45.98 2.20 0.19 
1231 29.67-29.71 12.13 18.27 51.15 2.20 0.18 
1301 29.86-29.90 12.26 18.17 49.23 2.39 0.20 
1137 30.24-30.28 8.73 15.80 58.93 1.47 0.17 
1196 30.42-30.46 7.34 14.13 56.56 1.59 0.22 
1125 30.62-30.64 4.91 12.23 60.98 1.11 0.23 
1142 33.32-33.34 4.94 11.42 54.02 0.91 0.18 
1128 36.32-36.34 6.02 13.65 63.53 1.18 0.20 
1249 38.72-38.74 4.18 11.44 60.48 1.13 0.27 
1303 41.86 12.56 15.22 22.16 2.55 0.20 
1238 44.42-44.44 8.41 13.60 43.23 1.90 0.23 
1130 46.92-46.94 9.53 12.88 27.91 2.06 0.22 
1187 49.92-49.94 4.18 10.50 52.67 0.90 0.22 
1295 52.92-52.94 7.44 11.81 36.44 1.74 0.23 
1283 54.82-54.84 7.89 13.69 48.31 1.82 0.23 
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1233 57.32-57.34 6.59 12.19 46.61 1.25 0.19 
1288 60.22-60.24 7.44 11.74 35.85 1.80 0.24 
1132 66.42-66.44 3.68 10.17 54.06 1.00 0.27 
1152 69.42-69.44 5.42 9.48 33.82 1.74 0.32 
1184 72.52-73.54 5.05 10.89 48.69 1.37 0.27 
1149 73.815-73.855 3.10 8.27 43.07 1.23 0.40 
1304 74.005-74.045 5.31 10.46 42.92 1.54 0.29 
1135 74.195-74.235 4.40 10.99 54.91 1.18 0.27 
1234 74.385-74.425 5.05 9.23 34.78 1.57 0.31 
1195 74.56-74.6 6.50 11.06 37.96 1.77 0.27 
1216 74.72-74.76 5.45 10.82 44.77 1.33 0.24 
1215 74.94-74.98 6.13 11.51 44.86 1.52 0.25 
1213 75.13-75.17 4.48 10.30 48.49 1.39 0.31 
1154 75.325-75.355 4.66 10.36 47.46 1.33 0.29 
1191 75.62-75.64 4.46 9.64 43.10 1.40 0.31 
1224 75.82-75.86 6.04 12.03 49.94 1.37 0.23 
1250 75.915-75.955 4.76 9.89 42.68 1.58 0.33 
1158 76.115-76.155 6.12 10.60 37.32 1.66 0.27 
1270 76.265-76.305 5.82 11.66 48.65 1.45 0.25 
1268 76.545-76.585 7.09 12.10 41.71 1.67 0.24 
1190 76.735-76.745 9.27 15.39 51.00 1.71 0.18 
1262 76.905-76.945 8.59 13.85 43.82 1.52 0.18 
1169 77.62-77.64 7.69 12.72 41.92 1.47 0.19 
1161 80.22-80.24 6.31 12.33 50.18 1.20 0.19 
1151 82.32-82.34 5.14 13.73 71.52 0.88 0.17 
1199 84.82-84.84 6.10 12.16 50.50 1.15 0.19 
1166 87.92-87.94 5.06 11.02 49.67 1.22 0.24 
1123 91.02-91.04 3.67 11.68 66.71 0.74 0.20 
1261 94.12-94.14 5.45 12.69 60.28 1.07 0.20 
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1131 97.22-97.24 5.33 10.99 47.15 1.27 0.24 
1263 100.32-100.34 3.18 11.61 70.21 0.67 0.21 
1198 103.42-103.44 2.77 13.44 88.91 0.52 0.19 
1136 106.52-106.54 4.78 13.11 69.39 1.10 0.23 
1141 109.62-109.64 8.04 12.47 36.94 2.56 0.32 
1144 112.72-112.74 2.20 9.03 56.90 0.65 0.30 
1133 115.82-115.84 9.43 15.95 54.29 1.84 0.19 
1179 118.92-118.94 2.20 11.15 74.57 0.49 0.22 
1140 122.02-122.04 0.99 11.82 90.24 0.24 0.25 
1176 125.12-125.14 6.13 13.49 61.31 1.08 0.18 
1185 128.22-128.24 7.51 13.65 51.17 1.49 0.20 
1172 131.32-131.34 5.65 13.69 66.98 1.16 0.21 
1165 134.42-134.44 6.08 12.49 53.40 1.21 0.20 
1217 134.61-134.65 5.98 13.33 61.27 1.09 0.18 
1259 134.71-134.76 7.08 14.88 64.97 1.25 0.18 
1157 134.888-134.948 4.70 14.44 81.13 0.84 0.18 
1252 135.063-125.103 1.11 12.64 96.02 0.21 0.19 
1162 135.163-135.203 4.89 13.07 68.14 1.13 0.23 
1160 135.4-135.44 4.06 14.33 85.54 0.80 0.20 
1255 135.583-135.623 2.00 12.95 91.20 0.38 0.19 
1271 135.783-135.823 4.15 12.77 71.84 0.97 0.23 
1260 135.973-136.013 5.27 13.16 65.72 1.10 0.21 
1284 136.198-136.238 10.33 16.57 51.98 1.91 0.19 
1278 136.358-136.398 8.20 16.02 65.11 1.46 0.18 
1204 136.518-136.548 10.15 16.60 53.73 1.86 0.18 
1208 136.738-136.748 7.25 12.86 46.71 1.84 0.25 
1254 136.913-136.943 1.87 10.69 73.47 1.05 0.56 
1291 137.103-137.143 1.72 11.43 80.93 0.36 0.21 
1267 137.208-137.248 1.26 12.79 96.02 0.25 0.20 
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1206 137.368-137.408 5.72 13.93 68.38 0.96 0.17 
1227 137.52-137.54 7.15 14.46 60.93 1.57 0.22 
1155 137.71-137.76 7.44 14.10 55.46 1.50 0.20 
1307 137.9-137.94 9.91 16.65 56.18 1.70 0.17 
1207 138.09-138.13 8.98 16.31 61.06 1.58 0.18 
1212 138.225-138.265 13.39 19.16 48.06 2.28 0.17 
1164 138.415-138.455 13.53 18.35 40.15 2.48 0.18 
1163 138.62-138.66 10.45 15.96 45.90 2.03 0.19 
1210 138.835-138.875 11.38 16.37 41.57 2.05 0.18 
1220 139.03-139.07 10.90 17.63 56.06 1.91 0.17 
1181 139.22-139.26 9.84 16.70 57.19 1.63 0.17 
1177 139.37-139.41 11.57 18.14 54.73 1.81 0.16 
1192 139.57-139.61 11.93 18.49 54.64 2.10 0.18 
1173 139.76-139.8 13.00 19.15 51.23 2.22 0.17 
1203 139.98-140.02 15.59 20.82 43.57 2.78 0.18 
1298 140.17-140.21 11.83 19.07 60.31 2.02 0.17 
1200 140.37-140.41 10.93 15.99 42.15 2.39 0.22 
1153 140.42-140.44 4.97 14.40 78.55 1.11 0.22 
1193 140.62-140.44 2.09 13.30 93.40 0.51 0.25 
1188 140.78-140.82 1.94 13.10 92.95 0.34 0.17 
1180 141.04-141.08 2.45 13.67 93.47 0.51 0.21 
1293 141.23-141.27 3.07 12.05 74.79 0.60 0.20 
1292 141.42-141.46 2.87 12.04 76.42 0.58 0.20 
1272 141.61-141.65 5.58 13.65 67.19 0.86 0.15 
1294 141.795-141.835 4.03 12.73 72.45 0.88 0.22 
1222 141.985-142.025 4.73 13.41 72.32 0.85 0.18 
1218 142.165-142.205 6.83 14.22 61.56 1.29 0.19 
1296 142.355-142.395 5.63 15.20 79.74 1.00 0.18 
1214 142.535-142.575 8.35 15.25 57.52 1.48 0.18 
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1273 142.725-142.765 7.78 14.00 51.84 0.20 0.03 
1168 142.915-142.955 7.92 14.71 56.53 1.41 0.18 
1257 143.105-143.145 8.14 14.86 55.98 1.87 0.23 
1122 143.42-143.44 10.10 16.19 50.73 1.72 0.22 
1253 143.59,5-143.63,5 12.82 16.50 30.65 2.83 0.22 
1167 143.79-143.83 16.15 18.95 23.32 2.93 0.18 
1174 143.98-144.02 9.68 16.23 54.57 1.82 0.19 
1235 144.25-144.29 7.97 14.13 51.35 2.17 0.27 
1219 144.45-144.49 7.30 12.39 42.44 2.60 0.36 
1221 144.585-144.625 7.91 14.38 53.94 1.53 0.19 
1256 144.77-144.81 4.51 13.34 73.55 1.08 0.24 
1286 144.89-144.93 6.97 13.82 57.03 1.54 0.22 
1287 145.08-145.12 5.04 13.44 69.95 0.91 0.18 
1275 145.29-145.33 4.02 12.21 68.19 0.95 0.24 
1240 145.515-145.555 3.14 12.59 78.72 0.11 0.04 
1150 146.52-146.54 2.39 11.55 76.28 0.71 0.30 
1129 149.52-159.54 3.77 12.24 70.59 0.66 0.18 
1299 152.52-152.54 4.27 13.24 74.71 0.89 0.21 
1139 155.52-155.54 12.14 18.68 54.48 1.85 0.15 
1145 158.52-158.54 7.93 15.68 64.52 1.29 0.16 
1269 161.52-161.54 2.33 13.43 92.45 0.40 0.17 
1300 164.52-164.54 5.44 12.95 62.52 1.06 0.20 
1194 167.52-167.54 6.58 14.20 63.50 1.18 0.18 
1159 170.52-170.54 7.54 15.00 62.17 1.29 0.17 
1258 173.52-173.54 16.14 22.48 52.81 2.29 0.14 
1202 176.52-176.54 18.48 21.16 22.32 3.47 0.19 
1138 179.52-179.54 4.56 13.27 72.60 0.77 0.17 
1146 182.52-182.54 8.27 14.96 55.72 1.65 0.20 
1148 185.52-185.54 6.03 15.88 82.02 0.92 0.15 
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1124 188.52-188.54 6.95 15.09 67.80 1.22 0.18 
1248 189.575-189.615 1.75 12.72 91.42 0.35 0.20 
1265 189.765-189.805 2.44 12.28 81.93 0.48 0.20 
1312 189.935-189.975 3.51 11.74 68.55 0.96 0.27 
1182 190.025-190.065 3.49 10.68 59.90 0.10 0.03 
1175 190.28-190.32 4.87 10.78 49.24 1.59 0.33 
1242 190.45-190.49 4.60 11.36 56.34 1.27 0.28 
1244 190.64-190.68 4.99 11.02 50.20 0.13 0.03 
1241 190.83-190.87 2.61 10.30 64.05 0.79 0.30 
1239 190.96-191 4.62 11.45 56.88 1.20 0.26 
1290 191.15-191.19 5.94 11.89 49.54 1.22 0.21 
1247 191.395-191.435 6.37 12.35 49.84 1.50 0.24 
1313 191.41-191.45 3.64 9.39 47.95 1.21 0.33 
1126 191.52-191.54 5.47 11.30 48.58 1.40 0.26 
1289 191.7-191.74 6.17 12.01 48.67 1.69 0.27 
1223 192.58-192.62 6.28 10.91 38.55 2.01 0.32 
1276 192.77-192.81 6.29 11.97 47.29 1.81 0.29 
1186 192.96-193 7.46 11.70 35.36 2.08 0.28 
1171 193.225-193.265 7.83 11.68 32.08 2.24 0.29 
1274 193.415-193.455 5.44 9.44 33.32 1.69 0.31 
1178 193.635-193.675 4.42 10.65 51.91 1.26 0.28 
1302 193.805-193.845 4.19 9.81 46.83 1.50 0.36 
1201 194.2-194.26 1.95 9.45 62.48 0.74 0.38 
1143 194.52-194.54 3.54 8.73 43.21 1.51 0.43 
1277 194.63-194.67 3.75 9.61 48.78 1.46 0.39 
1281 194.8-194.84 4.49 9.25 39.68 1.69 0.38 
1266 194.98-195.02 4.58 8.96 36.50 1.65 0.36 
1306 195.15-195.19 5.25 9.89 38.68 1.90 0.36 
1264 195.1-195.14 5.46 9.90 37.05 1.94 0.35 
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1310 195.255-199.295 5.14 10.34 43.31 1.61 0.31 
1314 195.44-195.48 5.70 10.73 41.89 1.74 0.31 
1183 195.555-195.595 6.22 10.36 34.49 1.97 0.32 
1209 195.745-195.785 6.96 11.52 38.01 2.08 0.30 
1279 195.905-195.945 5.80 10.23 36.89 1.87 0.32 
1305 196.155-196.195 4.36 10.79 53.60 1.45 0.33 
1189 196.37-196.41 4.14 9.94 48.37 1.33 0.32 
1315 196.475-196.515 4.40 10.70 52.45 1.35 0.31 
1316 196.675-196.715 3.74 11.02 60.62 1.14 0.30 
1309 197.045-197.085 1.71 9.47 64.63 0.48 0.28 
1282 197.285-197.325 1.59 9.00 61.78 0.49 0.31 
1127 197.52-197.54 1.66 11.15 79.04 0.44 0.26 
1280 197.66-197.70 2.39 10.86 70.53 0.64 0.27 
1251 197.87-197.91 2.47 12.00 79.35 0.66 0.27 
1246 198.035-198.075 3.85 10.21 52.96 1.03 0.27 
1285 198.575-198.615 2.56 11.33 73.08 0.77 0.30 
1170 198.695-198.735 2.51 10.26 64.52 0.68 0.27 
1245 198.865-198.905 6.65 14.53 65.62 0.91 0.14 
1308 199.135-199.175 5.61 12.28 55.53 1.43 0.25 
1243 199.310-199.35 5.41 10.69 43.97 1.51 0.28 
1225 199.56-199.6 5.56 10.44 40.67 1.42 0.26 
1297 199.75-199.79 4.69 10.43 47.84 1.47 0.31 
1311 199.98-200.02 4.21 9.50 44.06 1.25 0.30 
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8.3. Compilation of geochemical and petrological data for the samples from the 
Central Congo Basin, DRC. 
 
Sample   
No Location 
Group/ 
Unit 
Depth    
(m) 
Corg    
(%) 
Cinorg     
(%) 
Ca 
CO3   
(%) 
TS    
(%) 
S1    
(mg 
HC/ 
g) 
S2     
(mg 
HC/ 
g) 
S3     
(mg 
HC/ 
g) 
Tmax     
(°C) 
OI 
(mg 
CO2/ 
gCorg) 
HI      
(mg / 
gCorg) 
PI       
(S1/ 
S1+S2) 
VRr   
(%) 
1234 Dekese Loia/C 703 0.09 0.14 1.15 - - - - - - - - - 
304 Dekese  707.8 0.07 0.29 2.47 - - - - - - - - - 
305 Dekese Lukuga/ D (Ecca) 712 0.16 6.31 52.59 - - - - - - - - - 
306 Dekese  723 0.1 0.9 7.5 - - - - - - - - - 
307 Dekese  726 0.12 0.7 5.87 - - - - - - - - - 
308 Dekese  732 0.06 0.73 6.16 - - - - - - - - - 
140 Dekese 
Lukuga/ 
F-
(Dwyka) 
924.6 0.47 0.09 0.74 - - - - - - - - 0.7 
141 Dekese  924.9 0.46 0.11 0.94 - - - - - - - - 0.6 
151 Dekese  942.2 0.46 0.12 1 - - - - - - - - 0.7 
152 Dekese  942.9 0.53 0.13 1.07 - 0.03 0.1 0.8 427 154 18 0.3 0.7 
153 Dekese  943.4 0.44 0.13 1.06 - - - - - - - - 0.7 
154 Dekese  944.4 0.5 0.16 1.29 - - - - - - - - 0.8 
1235 Dekese  993.5 0.49 0.11 0.92 - 0.04 0.1 0.7 432 31 156 0.2 0.8 
1237 Dekese  1019.7 0.68 0.22 1.86 0.09 0.09 0.4 1 437 66 162 0.2 0.8 
142 Dekese  1049.2 0.95 0.05 0.41 - 0.05 0.3 0.7 430 72 36 0.1 0.7 
143 Dekese  1050.2 0.47 0.08 0.67 - - - - - - - - 0.7 
144 Dekese  1050.5 0.42 0.09 0.78 - - - - - - - - 0.7 
145 Dekese  1050.9 0.51 0.09 0.75 - 0.05 0.06 0.6 432 128 10 0.5 0.8 
146 Dekese  1051.2 0.44 0.09 0.71 - - - - - - - - 0.7 
155 Dekese  1067.9 2.3 0.12 1.02 - 0.08 2 0.7 431 30 99 0.03 0.7 
147 Dekese  1068 2.4 0.05 0.41 - 0.07 2 0.8 431 33 103 0.03 0.7 
148 Dekese  1068.2 1.83 0.05 0.42 0.18 0.05 0.6 0.9 435 50 35 0.07 0.8 
156 Dekese  1068.7 0.43 0.02 0.15 - - - - - - - - 0.6 
157 Dekese  1069 0.37 0.02 0.15 - 0.05 0.1 0.5 - 80 12 0.4 - 
149 Dekese  1069.9 0.63 0.03 0.27 - 0.05 0.2 0.5 430 77 27 0.2 0.7 
158 Dekese  1095.3 0.64 0.13 1.07 - 0.04 0.2 0.1 431 22 33 0.1 0.7 
159 Dekese  1096 0.61 0.07 0.58 - 0.07 0.3 0.4 430 60 36 0.2 0.7 
160 Dekese  1098 0.73 0.12 1.02 0.15 0.06 0.3 0.7 434 69 32 0.1 0.7 
150 Dekese  1099.3 0.72 0.14 1.18 - 0.05 0.4 0.9 432 99 39 0.1 0.6 
161 Dekese  1134.2 0.97 1.02 8.52 - 0.07 0.2 0.7 432 101 28 0.3 0.6 
162 Dekese  1136.7 0.95 0.09 0.75 - 0.07 0.4 0.78 431 80 41 0.1 0.6 
163 Dekese  1136.8 0.7 0.15 1.27 - 0.04 0.2 0.5 432 38 86 0.16 0.6 
164 Dekese  1138.9 0.97 0.12 0.97 - 0.04 0.2 0.5 430 40 100 0.15 - 
1238 Dekese  1189.9 0.55 0.14 1.12 - - - - - - - - - 
1236 Dekese  1259.8 0.62 0.15 1.27 - 0.08 0.3 0.4 438 47 65 0.22 0.7 
1228 Dekese  1261 0.58 0.12 0.98 - 0.06 0.3 - 427 49 - 0.17 0.6 
1232 Dekese  1312.3 0.15 0.35 2.9 - 0.04 0.2 0.8 427 36 188 0.21 0.7 
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Sample   
No Location 
Group/ 
Unit 
Depth    
(m) 
Corg    
(%) 
Cinorg     
(%) 
Ca 
CO3   
(%) 
TS    
(%) 
S1    
(mg 
HC/ 
g) 
S2     
(mg 
HC/ 
g) 
S3     
(mg 
HC/ 
g) 
Tmax     
(°C) 
OI 
(mg 
CO2/ 
gCorg) 
HI      
(mg / 
gCorg) 
PI       
(S1/ 
S1+S2) 
VRr   
(%) 
1231 Dekese  1340.4 0.15 0.29 2.43 - - - - - - - - - 
1230 Dekese  1379.1 0.14 0.42 3.48 - 0.08 0.2 1 429 41 235 0.28 0.6 
1225 Dekese  1459 0.42 0.09 0.74 - - - - - - - - 0.7 
1224 Dekese  1459.7 0.37 0.2 1.66 - - - - - - - - 0.7 
1227 Dekese  1501.5 0.51 0.06 0.47 - - - - - - - - 0.7 
165 Dekese  1530 0.43 0.07 0.57 - - - - - - - - 0.7 
166 Dekese  1530.8 0.3 0.02 0.18 - - - - - - - - 0.7 
167 Dekese  1531.4 0.36 0.03 0.25 - - - - - - - - - 
168 Dekese  1532.2 0.45 0.03 0.21 - - - - - - - - - 
169 Dekese  1532.5 0.42 0.06 0.47 - - - - - - - - - 
170 Dekese  1533.2 0.39 0.05 0.42 - - - - - - - - - 
171 Dekese  1533.5 0.41 0.12 1.02 - - - - - - - - - 
1226 Dekese  1549 0.11 0.54 4.54 - - - - - - - - - 
1229 Dekese 
Lukuga/ 
G 
(Dwyka) 
1661.5 0.06 0.35 2.94 - - - - - - - - - 
172 
Aruwimi 
River, 
Malili-
Banalia 
section 
Aruwimi/  0.13 3.16 26.35 - - - - - - - - - 
173  
Upper 
Alolo  0.17 3.36 28.03 - - - - - - - - - 
174   0.18 0.19 1.55 - - - - - - - - - 
175   0.26 2.97 24.71 - - - - - - - - - 
176   0.07 0.06 0.53 - - - - - - - - - 
177  Aruwimi/ 0.18 1.66 13.82 - 0.12 0.03 0.3 416 16 2 0.8 - 
  
Middle 
Alolo              
178  Aruwimi/ 0.18 0.12 1 - 0.1 0.01 0.8 - 1 78 - - 
179  
Lower 
Alolo  0.05 0.06 0.5 - 0.1 0.2 0.5 442 38 113 0.45 - 
180   0.04 0.05 0.46 - 0.1 0.02 - - 1 - - - 
181   0.09 5.91 49.26 - 0.1 0.8 - 430 93 - 0.1 - 
309 
Aruwimi 
River, 
Yambuya 
section 
Aruwimi/ 
Alolo  1.82 0.11 0.92 2.07 - - - - - - - - 
310   0.18 9.77 81.45 - - - - - - - - - 
311   0.27 7.95 66.27 - - - - - - - - - 
312   0.24 9.54 79.48 - - - - - - - - - 
313   0.17 8.77 73.07 - - - - - - - - - 
1250 Pont de la Lindi Aruwimi/  0.22 5.04 41.94 - - - - - - - - - 
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Sample   
No Location 
Group/ 
Unit 
Depth    
(m) 
Corg    
(%) 
Cinorg     
(%) 
Ca 
CO3   
(%) 
TS    
(%) 
S1    
(mg 
HC/ 
g) 
S2     
(mg 
HC/ 
g) 
S3     
(mg 
HC/ 
g) 
Tmax     
(°C) 
OI 
(mg 
CO2/ 
gCorg) 
HI      
(mg / 
gCorg) 
PI       
(S1/ 
S1+S2) 
VRr   
(%) 
1251  Alolo 0.12 6.42 53.5 - - - - - - - - - 
1252   0.27 2.16 17.98 - - - - - - - - - 
1253   0.09 2.99 24.91 - - - - - - - - - 
182 
Aruwimi 
river, 
Bombwa 
region 
Lokoma/ 
Mamungi  0.06 2.46 20.47 - - - - - - - - - 
183   0.13 3.17 26.37 - - - - - - - - - 
184   0.07 0.18 1.5 - - - - - - - - - 
185   0.08 2.19 18.21 - - - - - - - - - 
186   0.08 3.69 30.77 - - - - - - - - - 
187   0.07 0.09 0.71 - - - - - - - - - 
188   0.06 0.09 0.71 - - - - - - - - - 
189   0.06 2.52 21 - - - - - - - - - 
190 
Ituri river, 
between 
Penge 
and 
Avakubi 
Ituri/ 
Lenda  0.16 11.8 98.5 - - - - - - - - - 
191   0.15 10.4 87 - - - - - - - - - 
192   0.06 9.8 81.64 - - - - - - - - - 
193   0.08 0.01 0.1 - - - - - - - - - 
194   0.12 5.64 46.98 - - - - - - - - - 
195   0.11 10.6 88.91 - - - - - - - - - 
1239 
Aruwimi 
River, 
Yambuya 
section 
Aruwimi/  1.08 0.09 0.77 - - - - - - - - - 
1240  Alolo 0.45 9.21 76.71 - - - - - - - - - 
1241   0.29 8.22 68.43 - - - - - - - - - 
1242   1.39 0.11 0.93 2.77 - - - - - - - - 
1243   0.89 0.11 0.91 4.43 - - - - - - - - 
1244   0.25 7.32 60.99 - - - - - - - - - 
1245   0.4 8.75 72.88 - 0.1 0.06 0.8 - 15 200 - - 
1246   1.11 0.11 0.88 2.99 0.01 0.02 3 - 2 277 - - 
1247   0.36 9.24 76.95 - - - - - - - - - 
1248   0.37 7.64 63.63 - - - - - - - - - 
1249   0.3 11.1 92.74 - - - - - - - - - 
1250 Pont de la Lindi Aruwimi/  0.22 5.04 41.94 - - - - - - - - - 
1251  Alolo 0.12 6.42 53.5 - - - - - - - - - 
1252   0.27 2.16 17.98 - - - - - - - - - 
1253   0.09 2.99 24.91 - - - - - - - - - 
1254 Ubangi, Yakoma 
U. 
Lokoma 
(Bombua)  
0.05 3.68 30.61 - - - - - - - - - 
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Sample   
No Location 
Group/ 
Unit 
Depth    
(m) 
Corg    
(%) 
Cinorg     
(%) 
Ca 
CO3   
(%) 
TS    
(%) 
S1    
(mg 
HC/ 
g) 
S2     
(mg 
HC/ 
g) 
S3     
(mg 
HC/ 
g) 
Tmax     
(°C) 
OI 
(mg 
CO2/ 
gCorg) 
HI      
(mg / 
gCorg) 
PI       
(S1/ 
S1+S2) 
VRr   
(%) 
1255 Ubangi Mamungi 0.11 3.35 27.92 - - - - - - - - - 
1256 Ubangi, Yakoma   0.12 2.39 19.86 - - - - - - - - - 
1257 Ubangi, Gbadolite   0.06 0.02 0.15 - - - - - - - - - 
1258 Ubangi, Dondo   0.05 0.01 0.12 - - - - - - - - - 
1259 Ubangi  0.19 2.2 18.33 2.69 - - - - - - - - 
1260 Ubangi  0.04 0.02 0.18 - - - - - - - - - 
1261 Ubangi  0.2 3.62 30.12 - - - - - - - - - 
1262 Ubangi, Dondo   0.14 0.26 2.13 - - - - - - - - - 
1263 Walikale Lukuga/ 0.43 0.18 1.53 - 0.04 0.2 0.5 437 40 111 0.19 - 
1269 Walikale 
W3 
(Upper 
Dwyka)  
0.54 0.14 1.15 - 0.04 0.2 1 436 37 258 0.17 0.7 
1270 Walikale  0.41 0.11 0.87 - 0.02 0.1 1 438 20 265 0.2 - 
1271 Walikale  0.61 0.18 1.47 - 0.1 0.3 1 436 48 208 0.15 0.7 
1268 Walikale  0.21 0.08 0.63 - - - - - - - - - 
1264 Walikale  0.65 0.2 1.65 0.07 0.1 0.3 0.2 436 52 37 0.11 0.7 
1267 Walikale  1.32 0.25 2.04 0.08 0.1 1 0.6 438 90 51 0.07 0.7 
1265 Walikale  0.92 0.26 2.17 0.11 0.1 0.7 0 439 80 - 0.1 - 
1266 Walikale  0.3 0.15 1.21 - - - - - - - - - 
1272 Walikale  0.08 11.67 97.2 - - - - - - - - - 
299 Samba Loia 567.8 0.38 1.261 10.51 - - - - - - - - - 
300 Samba Loia 632.8 0.145 1.027 8.56 - - - - - - - - - 
301 Samba Loia 657.1 19.38 0.36 3 3.83 3 159 161 435 135 821 0.02 0.6 
292 Samba Loia 665.2 11.01 2.09 17.41 0.58 2 79 4 431 36 717 0.02 - 
293 Samba Loia 676.2 1.23 0.61 5.1 1.82 0.3 6 2 429 128 503 0.05 - 
302 Samba Loia 706.4 1.238 0.037 0.3 - 0.1 8 0.7 433 59 663 0.01 - 
303 Samba Loia 757 3.88 0.76 6.34 3.12 1 36 2 430 68 917 0.03 0.7 
294 Samba Loia 763.5 1.05 3.12 25.96 - 0.2 6 0.8 432 82 630 0.03 - 
295 Samba Loia 781 5.85 1.51 12.55 - 2 55 1 437 22 937 0.04 - 
296 Samba Loia 825.3 1.6 2.4 20.03 - 0.3 14 0.9 436 59 894 0.02 0.7 
1202 Samba Loia 734.9 2.91 0.46 3.82 1.47 1 32 0.8 430 27 430 0.04 - 
1203 Samba Loia 734.9 4.51 1.17 9.73 - 2 42 4 429 103 921 0.05 - 
1201 Samba Loia 734.9 8.78 1.05 8.71 2.15 3 72 3 433 31 825 0.03 - 
1205 Samba Loia 739.7 3.95 1.53 12.7 0.59 2 38 2 432 39 965 0.04 - 
1204 Samba Loia 739.8 4.67 0.29 2.45 1.23 2 41 2 425 47 873 0.05 - 
1200 Samba Stanley-ville 1008.6 1.5 0.11 0.95 - - - - - - - - - 
1198 Samba Stanley-ville 1008.6 0.2 1.98 16.46 - - - - - - - - - 
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Sample   
No Location 
Group/ 
Unit 
Depth    
(m) 
Corg    
(%) 
Cinorg     
(%) 
Ca 
CO3   
(%) 
TS    
(%) 
S1    
(mg 
HC/ 
g) 
S2     
(mg 
HC/ 
g) 
S3    
(mg 
HC/ 
g) 
Tmax     
(°C) 
OI 
(mg 
CO2/ 
gCorg) 
HI      
(mg / 
gCorg) 
PI       
(S1/ 
S1+S2) 
VRr   
(%) 
1197 Samba Stanley-ville 1008.6 0.54 2.1 17.52 - - - - - - - - - 
1199 Samba Stanley-ville 1008.6 0.14 2.53 21.07 - - - - - - - - - 
297 Samba Stanley-ville 1011.2 0.13 0.91 7.58 - - - - - - - - - 
298 Samba Stanley-ville 1031.5 0.09 1.81 15.1 - - - - - - - - - 
1206 Samba Aruwimi 1856.6 0.06 0.7 0.76 - - - - - - - - - 
314 
Congo 
Coal 
Field 
Lukuga  47.65 0.38 3.17 0.51 3 97 18 426 38 204 0.03 0.5 
315 Lualaba; 
Stanley-
ville/ 
Waniaruk
ula 
 2.66 10.24 85.36 0.42 1 22 76 434 - 812 0.04 0.4 
316 Lualaba 
Stanley-
ville/ 
Kewe 
Village 
 4.68 7.78 64.82 0.42 1 37 85 428 - 786 0.04 0.5 
317 Lualaba 
Stanley-
ville/ 
Oviataku  
13.15 2.44 20.33 0.46 6 124 3 426 21 943 0.05 0.6 
318 Lualaba 
Stanley-
ville/ 
Bendera 
Village 
 8.49 4.79 39.95 0.21 4 87 15 435 183 1028 0.04 0.5 
319 Lualaba, 
Stanley-
ville/ 
Songa-
Kewe 
 25.43 0.85 7.08 0.63 6 246 7 438 26 969 0.02 0.6 
320 Lualaba 
Stanley-
ville/ Lilu 
Valley  
10.56 3.6 29.99 0.3 7 97 4 424 36 914 0.07 0.6 
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